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Abstract
This paper considers the coexistence of Ultra Reliable Low Latency Communications (URLLC)
and enhanced Mobile BroadBand (eMBB) services in the uplink of Cloud Radio Access Network (C-
RAN) architecture based on the relaying of radio signals over analog fronthaul links. While Orthogonal
Multiple Access (OMA) to the radio resources enables the isolation and the separate design of differ-
ent 5G services, Non-Orthogonal Multiple Access (NOMA) can enhance the system performance by
sharing wireless and fronthaul resources. This paper provides an information-theoretic perspective in
the performance of URLLC and eMBB traffic under both OMA and NOMA. The analysis focuses on
standard cellular models with additive Gaussian noise links and a finite inter-cell interference span, and
it accounts for different decoding strategies such as puncturing, Treating Interference as Noise (TIN)
and Successive Interference Cancellation (SIC). Numerical results demonstrate that, for the considered
analog fronthauling C-RAN architecture, NOMA achieves higher eMBB rates with respect to OMA,
while guaranteeing reliable low-rate URLLC communication with minimal access latency. Moreover,
NOMA under SIC is seen to achieve the best performance, while, unlike the case with digital capacity-
constrained fronthaul links, TIN always outperforms puncturing.
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I. INTRODUCTION
Accommodating the heterogeneity of users’ requirements is one of the main challenges that
both industry and academia are facing in order to make 5G a reality [1]. In fact, next-generation
wireless communication systems must be designed to provision different services, each of which
with distinct constraints in terms of latency, reliability, and information rate. In particular, 5G
is expected to support three different macro-categories of services, namely enhanced Mobile
BroadBand (eMBB), massive Machine-Type Communications (mMTC), and Ultra-Reliable and
Low-Latency Communications (URLLC) [2], [3], [4].
eMBB service is meant to provide very-high data-rate communications as compared with
current (4G) networks. This can be generally achieved by using codewords that spread over a
large number of time-frequency resources, given that latency is not an issue. mMTC supports low-
rate bursty communication between a massive number of uncoordinated devices and the network.
Finally, URLLC is designed to ensure low-rate ultra-reliable radio access for a few nodes, while
guaranteeing very low-latency. As a result, URLLC transmissions need to be localized in time,
and hence URLLC packets should be short [5].
The coexistence among eMBB, mMTC and URLLC traffic types can be ensured by slicing
the Radio Access Network (RAN) resources into non-overlapping, or orthogonal, blocks, and
by assigning distinct resources to different services. With the resulting Orthogonal Multiple
Access (OMA), the target quality-of-service guarantees can be achieved by designing each service
separately [6], [7]. However, when URLLC or mMTC traffic types are characterized by short
and bursty transmissions at random time instants, resources allocated statically to these services
are likely to be unused for most of time, and thus wasted. A more efficient use of radio resources
can be accomplished by Non-Orthogonal Multiple Access (or NOMA), which allows multiple
services to share the same physical resources.
By enabling an opportunistic shared use of the radio resources, NOMA can provide significant
benefits in terms of spectrum efficiency, but it also poses the challenge of designing the system so
that the heterogeneous requirements of the services are satisfied despite the mutual interference.
The objective of this paper is to address this issue by considering a Cloud-RAN (C-RAN)
architecture characterized by analog fronthaul links, referred to as Analog Radio-over-X, which
is introduced in the next section.
A. C-RAN Based on Analog Radio-over-X Fronthauling
The advent of 5G is introducing advanced physical layer technologies and network deployment
strategies such as massive MIMO, mmWave, small-cell densification, mobile edge computing,
etc. (see [8], [9] for an overview). C-RAN is an enabling technology that is based on the
colocation of the Base Band Unit (BBU) of Edge Nodes (ENs) that are densely distributed
in a given indoor or outdoor area. This solution has the advantages of allowing for centralized
BBU signal processing, providing network scalability, increasing spectral efficiency, and reducing
costs.
The most typical C-RAN architecture relies on digital optical fronthaul links to connect ENs
to BBUs. This solution, known as Digital Radio-over-Fiber (D-RoF), is adopted in current 4G
mobile networks, and is based on the transmission of in-phase and quadrature baseband signals,
upon digitization and packetization according to the CPRI protocol [10].
Over the last years, several alternative C-RAN architectures have been proposed that redis-
tribute the RAN functionalities between BBU and ENs, obtaining different trade-offs in terms of
bandwidth and latency requirements, advanced Cooperative Multi-Point processing capabilities,
and EN cost and complexity [11]. For scenarios with stringent cost and latency constraints, a
promising solution is to use analog fronthauling.
With analog fronthauling, focusing on the uplink, the ENs directly relay the radio signals to
the BBUs after frequency translation and, possibly, signal amplification. This has the advantages
of avoiding any bandwidth expansion due to digitization; guaranteeing ENs synchronization;
minimizing latency; reducing hardware cost; and improving energy efficiency [12], [13], [14].
A C-RAN architecture based on analog fronthauling is also known in the literature as Analog
Radio-over-X (A-RoX), where X depends on the technology employed for the fronthaul, which
can be either Fiber (A-RoF [12]), Radio (A-RoR [15]), or Copper (A-RoC [13]), as depicted in
Figure 1.
In particular, A-RoF provides an effective example of analog fronthauling, due to its capability
to support the transport of large bandwidths [12], [16]. However, A-RoF requires the deployment
of a fiber optic infrastructure whose installation is not always feasible, e.g., in dense urban areas.
In such scenarios, a possible solution is to rely on the A-RoR concept, thus employing point-to-
point wireless links, mainly based on mmWave or THz bands, with several advantages in terms
of flexibility, resiliency, hardware complexity and cost [15], [17]. Another application scenario
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Fig. 1. C-RAN architecture overview for uplink direction: (a) Digital Radio-over-Fiber, (b) Analog Radio-over-Fiber, (c) Analog
Radio-over-Radio, (d) Analog Radio-over-Copper.
where the installation of fiber links may be too expensive to provide satisfactory business cases
is indoor coverage. For indoor deployments, A-RoC [18], [19], [20] has been recently proved to
be an attractive solution, especially from the deployment costs perspective [21], since it leverages
the pre-existing Local Area Network (LAN) cabling infrastructure of building and enterprises.
Moreover, LAN cables are equipped with four twisted-pairs with a transport capability up to
500 MHz each, or 2 GHz overall, for radio signals, thus providing enough bandwidth for analog
fronthaul applications [22]. Over the last years, A-RoC based on LAN cables has become a
standard solution for in-building commercial C-RAN deployments, allowing to extend the indoor
coverage over distances longer than 100 m [23].
In this paper we study the coexistence of URLLC and eMBB services under both OMA and
NOMA assuming a C-RAN multi-cell architecture based on analog fronthauling (see Figure 1)
by using information theoretical tools.
B. Related Works
The concept of NOMA is well-known from the information theoretic literature [24], and its
application to 5G dates back to [25], where authors demonstrated for a single-cell scenario that
superimposing multiple users in the same resources achieves superior performance with respect
to conventional LTE networks, provided that the resulting interference is properly taken care of.
The extension of NOMA to multi-cell networks is presented in [26], which addresses several
multi-cell NOMA challenges, including coordinated scheduling, beamforming, and practical
implementation issues related to successive interference cancellation.
In contrast with most of the works on NOMA, which deal with homogeneous traffic con-
ditions (see [27] for a recent review), here the focus is on NOMA techniques in the context
of heterogeneous networks, such as the forthcoming 5G wireless systems, as discussed in [28],
[29], [30]. In fact, NOMA represents an attractive solution to meet the distinct requirements
of 5G services, as it improves spectral efficiency (eMBB), enables massive device connectivity
(mMTC), and allows for low-transmission latency (URLLC) [31].
In [29] a communication-theoretic model was introduced to investigate the performance trade-
offs for eMBB, mMTC and URLLC services in a single-cell scenario under both OMA and
NOMA. This single-cell model has been later extended in [32] to the uplink of a multi-cell
C-RAN architecture, in which the BBU communicates with multiple URLLC and eMBB users
belonging to different cells through geographically distributed ENs. In the C-RAN system studied
in [32], while the URLLC signals are locally decoded at the ENs due to latency constraints,
the eMBB signals are quantized and forwarded over limited-capacity digital fronthaul links to the
BBU, where centralized joint decoding
is performed.
None of the aforementioned works considers the coexistence of different 5G services in a
C-RAN architecture based on analog fronthaul links which is the focus of this paper.
C. Contributions
In this paper we study for the first time the coexistence between URLLC and eMBB services
in the uplink of a C-RAN system with analog fronthauling in which the URLLC signals are
still decoded locally at the EN, while the eMBB signals are forwarded to the BBU over analog
fronthaul links.
In particular, the main contributions of this paper are three-fold:
• We extend the uplink C-RAN theoretic model proposed in [32] to the case of analog fron-
thaul, assuming that the fronthaul links are characterized by multiple, generally interfering,
channels that carry the received radio signals;
• By leveraging information theoretical tools, we investigate the performance trade-offs be-
tween URLLC and eMBB services under both OMA and NOMA, by considering different
interference management strategies such as puncturing, considered for the standardization of
5G New Radio [33], [34], Treating Interference as Noise (TIN), and Successive Interference
Cancellation (SIC);
• The analysis demonstrates that NOMA allows for higher eMBB information rates with
respect to OMA, while guaranteeing a reliable low-rate URLLC communication with min-
imal access latency. Moreover, differently from the case of conventional digital C-RAN
architecture based on limited-capacity fronthaul links [32], in analog C-RAN, TIN always
outperforms puncturing, while the best performance is still achieved by NOMA with SIC.
D. Organization
The remainder of the paper is organized as follows. The considered system model is introduced
in Section II. Section III details the fronthaul signal processing techniques employed to cope
with the impairments of the A-RoC fronthaul links. The eMBB rand URLLC information rates
are discussed in Section IV and Section V for OMA and NOMA, respectively. Numerical results
are presented in Section VI, and Section VII concludes the paper.
E. Notation
Bold upper- and lower-case letters describe matrices and column vectors, respectively. Letters
R, and C refer to real and complex numbers, respectively. We denote matrix inversion, trans-
position and conjugate transposition as (·)−1 , (·)T , (·)H . Matrix In is an identity matrix of size
n and 1n is a column vector made by n “1s”. Symbol ⊗ denotes the Kronecker operator, vec·)
is the vectorization operator, and E[·] is the statistical expectation. Notation diag(A1,A2, ...An)
denotes a diagonal matrix with elements A1,A2, ...An on the main diagonal. The Q-function
Q(·) is the complementary cumulative distribution function of the standardized normal random
variable, and Q−1(·) is its inverse.
II. SYSTEM MODEL
The C-RAN architecture under study is illustrated in Figure 2. In this system, the BBUs com-
municate with multiple user equipments (UEs) belonging to M cells through M single-antenna
Edge Nodes (ENs). The BBUs are co-located in the so-called BBU pool so that joint processing
can be performed, while the ENs are geographically distributed. In particular, we assume here
that cells are arranged in a line following the conventional circulant Wyner model ([35], Chapter
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Fig. 2. Model of the uplink of C-RAN system based on Analog Radio-over-Copper (A-RoC) fronthauling.
2), and each cell contains two single-antenna UEs with different service constraints: one eMBB
user and one URLLC user.
Due to the strict latency constraints of URLLC traffic, the signal for the URLLC UEs is
decoded on-site at the EN, while the eMBB signals are forwarded to the BBU through a multi-
channel analog fronthaul. In this hybrid cloud-edge architecture, the mobile operator equips the
EN with edge computing capabilities in order to provision the services required by the URLLC
user directly from the EN. Following the A-RoX concept, the end-to-end channel from the eMBB
UEs and the BBU pool is assumed to be fully analog: the EN performs only signal amplification
and frequency translation to comply with fronthaul capabilities and forwards the signals to the
BBU, where centralized decoding is performed. In practice, as detailed later in the paper (see
Section IV and Section V), we assume that each EN hosts a digital module, responsible for
URLLC signal decoding, and an analog module, responsible for the mapping of received radio
signal over the analog fronthauling, which is identified as Analog-to-Analog (A/A) mapping.
While the technology used for the analog fronthauling can be either fiber-optics (A-RoF),
wireless (A-RoR) or cable (A-RoC), the system model proposed in this paper reflects mainly
the last two solutions. Furthermore, we will focus on A-RoC, and we will use the corresponding
terminology to fix the ideas (see Figure 2).
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LU
<latexit sha1_base64="z57iI6apVRZ1S0BrIgaCilxO3Ic=">AA AB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWV tfWN8qbla3tnd296v5B24SxFuiKUIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnFLp9nroDqs1u27nYMvEKUgNCrSG 1a/+KBSxjwEJxY3pOXZEg4RrkkLhvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleOulzujeLXib+5/ViGl8MEhlEMWE gskMkFeaHjNAy7QDZSGok4llyZDJggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID59CEK2iBCwIm8ATP8GI9Wq/Wm/X +M1qyip1D+APr4xugl5IN</latexit><latexit sha1_base64="z57iI6apVRZ1S0BrIgaCilxO3Ic=">AA AB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWV tfWN8qbla3tnd296v5B24SxFuiKUIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnFLp9nroDqs1u27nYMvEKUgNCrSG 1a/+KBSxjwEJxY3pOXZEg4RrkkLhvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleOulzujeLXib+5/ViGl8MEhlEMWE gskMkFeaHjNAy7QDZSGok4llyZDJggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID59CEK2iBCwIm8ATP8GI9Wq/Wm/X +M1qyip1D+APr4xugl5IN</latexit><latexit sha1_base64="z57iI6apVRZ1S0BrIgaCilxO3Ic=">AA AB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWV tfWN8qbla3tnd296v5B24SxFuiKUIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnFLp9nroDqs1u27nYMvEKUgNCrSG 1a/+KBSxjwEJxY3pOXZEg4RrkkLhvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleOulzujeLXib+5/ViGl8MEhlEMWE gskMkFeaHjNAy7QDZSGok4llyZDJggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID59CEK2iBCwIm8ATP8GI9Wq/Wm/X +M1qyip1D+APr4xugl5IN</latexit><latexit sha1_base64="z57iI6apVRZ1S0BrIgaCilxO3Ic=">AA AB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWV tfWN8qbla3tnd296v5B24SxFuiKUIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnFLp9nroDqs1u27nYMvEKUgNCrSG 1a/+KBSxjwEJxY3pOXZEg4RrkkLhvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleOulzujeLXib+5/ViGl8MEhlEMWE gskMkFeaHjNAy7QDZSGok4llyZDJggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID59CEK2iBCwIm8ATP8GI9Wq/Wm/X +M1qyip1D+APr4xugl5IN</latexit>
nT
<latexit sha1_base64="pT7brc7xz6cQzLATmUJ1MP7uON4=">AA AB9XicbVC7TsNAEDyHVwivACXNiQiJKrIjJCgj0VAGkZeUWNH6sgmnnM/W3RoURfkEWqjoEC3fQ8G/4BgXkDDVaGZXOztBrKQl1/10CmvrG 5tbxe3Szu7e/kH58Khto8QIbIlIRaYbgEUlNbZIksJubBDCQGEnmFwv/M4DGisj3aRpjH4IYy1HUgCl0p0eNAflilt1M/BV4uWkwnI0BuWv /jASSYiahAJre54bkz8DQ1IonJf6icUYxATG2EuphhCtP8uizvlZYoEiHqPhUvFMxN8bMwitnYZBOhkC3dtlbyH+5/USGl35M6njhFCLxSG SCrNDVhiZdoB8KA0SwSI5cqm5AANEaCQHIVIxSUsppX14y9+vknat6rlV7/aiUq/lzRTZCTtl58xjl6zObliDtZhgY/bEntmL8+i8Om/O+89 owcl3jtkfOB/f1EqSLg==</latexit><latexit sha1_base64="pT7brc7xz6cQzLATmUJ1MP7uON4=">AA AB9XicbVC7TsNAEDyHVwivACXNiQiJKrIjJCgj0VAGkZeUWNH6sgmnnM/W3RoURfkEWqjoEC3fQ8G/4BgXkDDVaGZXOztBrKQl1/10CmvrG 5tbxe3Szu7e/kH58Khto8QIbIlIRaYbgEUlNbZIksJubBDCQGEnmFwv/M4DGisj3aRpjH4IYy1HUgCl0p0eNAflilt1M/BV4uWkwnI0BuWv /jASSYiahAJre54bkz8DQ1IonJf6icUYxATG2EuphhCtP8uizvlZYoEiHqPhUvFMxN8bMwitnYZBOhkC3dtlbyH+5/USGl35M6njhFCLxSG SCrNDVhiZdoB8KA0SwSI5cqm5AANEaCQHIVIxSUsppX14y9+vknat6rlV7/aiUq/lzRTZCTtl58xjl6zObliDtZhgY/bEntmL8+i8Om/O+89 owcl3jtkfOB/f1EqSLg==</latexit><latexit sha1_base64="pT7brc7xz6cQzLATmUJ1MP7uON4=">AA AB9XicbVC7TsNAEDyHVwivACXNiQiJKrIjJCgj0VAGkZeUWNH6sgmnnM/W3RoURfkEWqjoEC3fQ8G/4BgXkDDVaGZXOztBrKQl1/10CmvrG 5tbxe3Szu7e/kH58Khto8QIbIlIRaYbgEUlNbZIksJubBDCQGEnmFwv/M4DGisj3aRpjH4IYy1HUgCl0p0eNAflilt1M/BV4uWkwnI0BuWv /jASSYiahAJre54bkz8DQ1IonJf6icUYxATG2EuphhCtP8uizvlZYoEiHqPhUvFMxN8bMwitnYZBOhkC3dtlbyH+5/USGl35M6njhFCLxSG SCrNDVhiZdoB8KA0SwSI5cqm5AANEaCQHIVIxSUsppX14y9+vknat6rlV7/aiUq/lzRTZCTtl58xjl6zObliDtZhgY/bEntmL8+i8Om/O+89 owcl3jtkfOB/f1EqSLg==</latexit><latexit sha1_base64="pT7brc7xz6cQzLATmUJ1MP7uON4=">AA AB9XicbVC7TsNAEDyHVwivACXNiQiJKrIjJCgj0VAGkZeUWNH6sgmnnM/W3RoURfkEWqjoEC3fQ8G/4BgXkDDVaGZXOztBrKQl1/10CmvrG 5tbxe3Szu7e/kH58Khto8QIbIlIRaYbgEUlNbZIksJubBDCQGEnmFwv/M4DGisj3aRpjH4IYy1HUgCl0p0eNAflilt1M/BV4uWkwnI0BuWv /jASSYiahAJre54bkz8DQ1IonJf6icUYxATG2EuphhCtP8uizvlZYoEiHqPhUvFMxN8bMwitnYZBOhkC3dtlbyH+5/USGl35M6njhFCLxSG SCrNDVhiZdoB8KA0SwSI5cqm5AANEaCQHIVIxSUsppX14y9+vknat6rlV7/aiUq/lzRTZCTtl58xjl6zObliDtZhgY/bEntmL8+i8Om/O+89 owcl3jtkfOB/f1EqSLg==</latexit>
nF
<latexit sha1_base64="DsfQb 3Z5wxqrIEyNCTYPVn9Lqt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eB oPgKewGQY8BQTxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4m bdgybWqajqpqvLj5S05LqfTmFldW19o7hZ2tre2d0r7x+0bBgbgU0R qtB0fG5RSY1NkqSwExnkga+w7U8u5377AY2Vob6jaYT9gI+1HEnBKZ Vu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQUt7bruRH1E25ICoW zUi+2GHEx4WPsplTzAG0/yaLO2ElsOYUsQsOkYpmIvzcSHlg7Dfx0M uB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc 0EN5wIjWRciFSM01JKaR/e4vfLpFWrem7Vuzmr1Gt5M0U4gmM4BQ/O oQ7X0IAmCBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</lat exit><latexit sha1_base64="DsfQb 3Z5wxqrIEyNCTYPVn9Lqt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eB oPgKewGQY8BQTxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4m bdgybWqajqpqvLj5S05LqfTmFldW19o7hZ2tre2d0r7x+0bBgbgU0R qtB0fG5RSY1NkqSwExnkga+w7U8u5377AY2Vob6jaYT9gI+1HEnBKZ Vu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQUt7bruRH1E25ICoW zUi+2GHEx4WPsplTzAG0/yaLO2ElsOYUsQsOkYpmIvzcSHlg7Dfx0M uB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc 0EN5wIjWRciFSM01JKaR/e4vfLpFWrem7Vuzmr1Gt5M0U4gmM4BQ/O oQ7X0IAmCBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</lat exit><latexit sha1_base64="DsfQb 3Z5wxqrIEyNCTYPVn9Lqt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eB oPgKewGQY8BQTxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4m bdgybWqajqpqvLj5S05LqfTmFldW19o7hZ2tre2d0r7x+0bBgbgU0R qtB0fG5RSY1NkqSwExnkga+w7U8u5377AY2Vob6jaYT9gI+1HEnBKZ Vu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQUt7bruRH1E25ICoW zUi+2GHEx4WPsplTzAG0/yaLO2ElsOYUsQsOkYpmIvzcSHlg7Dfx0M uB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc 0EN5wIjWRciFSM01JKaR/e4vfLpFWrem7Vuzmr1Gt5M0U4gmM4BQ/O oQ7X0IAmCBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</lat exit><latexit sha1_base64="DsfQb 3Z5wxqrIEyNCTYPVn9Lqt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eB oPgKewGQY8BQTxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4m bdgybWqajqpqvLj5S05LqfTmFldW19o7hZ2tre2d0r7x+0bBgbgU0R qtB0fG5RSY1NkqSwExnkga+w7U8u5377AY2Vob6jaYT9gI+1HEnBKZ Vu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQUt7bruRH1E25ICoW zUi+2GHEx4WPsplTzAG0/yaLO2ElsOYUsQsOkYpmIvzcSHlg7Dfx0M uB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc 0EN5wIjWRciFSM01JKaR/e4vfLpFWrem7Vuzmr1Gt5M0U4gmM4BQ/O oQ7X0IAmCBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</lat exit>
LU
<latexit sha1_base64="z57iI 6apVRZ1S0BrIgaCilxO3Ic=">AAAB9XicbVC7TsNAEFyHVwivACXNi QiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8 E2LiBhqtHMrnZ2vEhJQ7b9aZVWVtfWN8qbla3tnd296v5B24SxFuiK UIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnF Lp9nroDqs1u27nYMvEKUgNCrSG1a/+KBSxjwEJxY3pOXZEg4RrkkL hvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleO ulzujeLXib+5/ViGl8MEhlEMWEgskMkFeaHjNAy7QDZSGok4llyZD JggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID 59CEK2iBCwIm8ATP8GI9Wq/Wm/X+M1qyip1D+APr4xugl5IN</lat exit><latexit sha1_base64="z57iI 6apVRZ1S0BrIgaCilxO3Ic=">AAAB9XicbVC7TsNAEFyHVwivACXNi QiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8 E2LiBhqtHMrnZ2vEhJQ7b9aZVWVtfWN8qbla3tnd296v5B24SxFuiK UIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnF Lp9nroDqs1u27nYMvEKUgNCrSG1a/+KBSxjwEJxY3pOXZEg4RrkkL hvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleO ulzujeLXib+5/ViGl8MEhlEMWEgskMkFeaHjNAy7QDZSGok4llyZD JggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID 59CEK2iBCwIm8ATP8GI9Wq/Wm/X+M1qyip1D+APr4xugl5IN</lat exit><latexit sha1_base64="z57iI 6apVRZ1S0BrIgaCilxO3Ic=">AAAB9XicbVC7TsNAEFyHVwivACXNi QiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8 E2LiBhqtHMrnZ2vEhJQ7b9aZVWVtfWN8qbla3tnd296v5B24SxFuiK UIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnF Lp9nroDqs1u27nYMvEKUgNCrSG1a/+KBSxjwEJxY3pOXZEg4RrkkL hvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleO ulzujeLXib+5/ViGl8MEhlEMWEgskMkFeaHjNAy7QDZSGok4llyZD JggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID 59CEK2iBCwIm8ATP8GI9Wq/Wm/X+M1qyip1D+APr4xugl5IN</lat exit><latexit sha1_base64="z57iI 6apVRZ1S0BrIgaCilxO3Ic=">AAAB9XicbVC7TsNAEFyHVwivACXNi QiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8 E2LiBhqtHMrnZ2vEhJQ7b9aZVWVtfWN8qbla3tnd296v5B24SxFuiK UIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnF Lp9nroDqs1u27nYMvEKUgNCrSG1a/+KBSxjwEJxY3pOXZEg4RrkkL hvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleO ulzujeLXib+5/ViGl8MEhlEMWEgskMkFeaHjNAy7QDZSGok4llyZD JggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID 59CEK2iBCwIm8ATP8GI9Wq/Wm/X+M1qyip1D+APr4xugl5IN</lat exit>
LU
<latexit sha1_base64="z57iI6apVRZ1S0BrIgaCilxO3Ic=">AA AB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWV tfWN8qbla3tnd296v5B24SxFuiKUIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnFLp9nroDqs1u27nYMvEKUgNCrSG 1a/+KBSxjwEJxY3pOXZEg4RrkkLhvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleOulzujeLXib+5/ViGl8MEhlEMWE gskMkFeaHjNAy7QDZSGok4llyZDJggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID59CEK2iBCwIm8ATP8GI9Wq/Wm/X +M1qyip1D+APr4xugl5IN</latexit><latexit sha1_base64="z57iI6apVRZ1S0BrIgaCilxO3Ic=">AA AB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWV tfWN8qbla3tnd296v5B24SxFuiKUIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnFLp9nroDqs1u27nYMvEKUgNCrSG 1a/+KBSxjwEJxY3pOXZEg4RrkkLhvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleOulzujeLXib+5/ViGl8MEhlEMWE gskMkFeaHjNAy7QDZSGok4llyZDJggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID59CEK2iBCwIm8ATP8GI9Wq/Wm/X +M1qyip1D+APr4xugl5IN</latexit><latexit sha1_base64="z57iI6apVRZ1S0BrIgaCilxO3Ic=">AA AB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWV tfWN8qbla3tnd296v5B24SxFuiKUIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnFLp9nroDqs1u27nYMvEKUgNCrSG 1a/+KBSxjwEJxY3pOXZEg4RrkkLhvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleOulzujeLXib+5/ViGl8MEhlEMWE gskMkFeaHjNAy7QDZSGok4llyZDJggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID59CEK2iBCwIm8ATP8GI9Wq/Wm/X +M1qyip1D+APr4xugl5IN</latexit><latexit sha1_base64="z57iI6apVRZ1S0BrIgaCilxO3Ic=">AA AB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgj0VBQBIGTSEkUnS+bcMr5obs1KLLyCbRQ0SFavoeCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWV tfWN8qbla3tnd296v5B24SxFuiKUIW663GDSgbokiSF3Ugj9z2FHW96mfmdB9RGhsEdzSIc+HwSyLEUnFLp9nroDqs1u27nYMvEKUgNCrSG 1a/+KBSxjwEJxY3pOXZEg4RrkkLhvNKPDUZcTPkEeykNuI9mkORR5+wkNpxCFqFmUrFcxN8bCfeNmfleOulzujeLXib+5/ViGl8MEhlEMWE gskMkFeaHjNAy7QDZSGok4llyZDJggmtOhFoyLkQqxmkplbQPZ/H7ZdJu1B277tyc1ZqNopkyHMExnIID59CEK2iBCwIm8ATP8GI9Wq/Wm/X +M1qyip1D+APr4xugl5IN</latexit>
LU
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Fig. 3. Time-frequency resource allocation: (a) Orthogonal Multiple Access (OMA) and (b) Non-Orthogonal Multiple Access
(NOMA). Downwards arrows denote arrival of URLLC packets.
A. RAN Model
We consider the same Wyner-type radio access model of [32], which is described in this
subsection. The Wyner model is an abstraction of cellular systems that captures one of the
main aspects of such settings, namely the locality of inter-cell interference. The advantage of
employing such a simple model is the possibility to obtain analytical insights, which is a first
mandatory step for the performance assessment under more realistic operating conditions [35].
As illustrated in Figure 3, the direct channel gain from the eMBB UE and the EN belonging
to the same cell is set to one, while the inter-cell eMBB channel gain is equal to α ∈ [0, 1].
Furthermore, the URLLC UEs have a channel gain equal to β > 0. The URLLC user is assumed
to be in the proximity of the EN, and thus it does not interfere with the neighboring cells. The
eMBB user, instead, is assumed to be located at the edges of the cell in order to consider worst-
case performance guarantees. As a result, each eMBB user interferes with both left and right
neighboring cells, following the standard Wyner model [35]. All channel gains are assumed to
be constant over the considered radio resources shown Figure 3, and known to all UEs and ENs.
As illustrated in Figure 3, we assume that the time-frequency plane is divided in nT minislots,
indexed as t ∈ [1, nT ], where each minislot is composed of nF frequency channels, indexed as f ∈
[1, nF ], for a total of nFnT time-frequency radio resources. Each radio resource accommodates
the transmission of a single symbol, although generalizations are straightforward. The eMBB
UEs transmit over the entire nF × nT time-frequency frame. In contrast, due to the latency
constraints of the URLLC traffic, each URLLC transmission is limited to the nF frequency
channels of a single minislot, and URLLC packets are generally small compared to the eMBB
frame, which requires the condition nT  1. As illustrated in Figure 3, each URLLC UE
generates an independent packet in each minislot with probability q. This packet is transmitted
at the next available transmission opportunity in a grant-free manner.
In the case of OMA, one minislot is exclusively allocated for URLLC transmission every LU
minislots. Parameter LU is considered here as the worst-case access latency. Accordingly, if more
than one packet is generated within the LU minislots between two transmission opportunities,
only one of those packets is randomly selected for transmission and all the remaining are
discarded. The signal Y fk (t) received at the k-th EN at the f -th frequency under OMA is
Y fk (t) =
βAk(t)U
f
k (t) + Z
f
k (t), if t = LU , 2LU , ...
Xfk (t) + αX
f
k−1(t) + αX
f
k+1(t) + Z
f
k (t), otherwise
(1)
where Xfk (t) and U
f
k (t) are the signals transmitted at time t and subcarrier f by the k-th eMBB
UE and URLLC UE, respectively; Zfk (t) ∼ CN (0, 1) is the unit-power zero-mean additive white
Gaussian noise; and Ak(t) ∈ {0, 1} is a binary variable indicating whether or not the URLLC
UE is transmitting at time t.
In case of NOMA, the URLLC UE transmits its packet in the same slot where it is generated
by the application layer, so that the access latency is always minimal, i.e., LU = 1 minislot.
Under NOMA, the signal Y fk (t) received at the k-th EN at the f -th frequency is
Y fk (t) = X
f
k (t) + αX
f
k−1(t) + αX
f
k+1(t) + βAk(t)U
f
k (t) + Z
f
k (t). (2)
According to the circulant Wyner model, in (1) and (2), we assume that [k− 1] = M for k = 1
and [k + 1] = 1 for k = M , in order to guarantee symmetry.
For both OMA and NOMA, the power constraints for the k-th eMBB and URLLC users are
defined within each radio resource frame respectively as
1
nFnT
nT∑
t=1
nF∑
f=1
E
[∣∣∣Xfk (t)∣∣∣2] ≤ PB, (3)
and
1
nF
nF∑
f=1
E
[∣∣∣U fk (t)∣∣∣2] ≤ PU , (4)
where the temporal average are taken over all symbols within a codeword.
Models (1) and (2) can be written in matrix form as
Y(t) = X(t)H + βU(t)A(t) + Z(t), (5)
where matrix Y(t) = [y1(t), y2(t), ..., yM(t)] ∈ CnF×M gathers all the signals received at all
the M ENs over all the nF frequencies, and the k-th column yk(t) ∈ CnF×1 denotes the signal
received across all the radio frequencies at the k-th EN. The channel matrix H ∈ RM×M is
circulant with the first column given by vector [1, α, 0, ..., 0, α]T ; matrices U(t) ∈ CnF×M
and X(t) ∈ CnF×M collect the signals transmitted by URLLC and eMBB UEs, respectively;
and Z(t) ∈ CnF×M is the overall noise matrix. Finally, A(t) is a diagonal matrix whose k-th
diagonal element is a Bernoulli random variable distributed as Ak(t) ∼ B(q), ∀k = 1, 2, ..., M .
B. Space-Frequency Analog Fronthaul Channel
In the considered analog fronthaul architecture, the k-th EN forwards the signal yk(t) received
by the UEs to the BBU over a wired-access link in a fully analog fashion. As depicted in
Figure 2, we focus our attention on a multichannel link that is possibly affected by inter-channel
interference. While the model considered here can apply also to wireless multichannel links, as in
Figure 1, we adopt here the terminology of Analog Radio-over-Copper (A-RoC) as an important
example in which A-RoX is affected by fronthauling inter-link interference. Accordingly, each of
the cables employed for the fronthaul contains lS twisted-pairs, i.e., lS space-separated channels,
indexed as c ∈ [1, lS]. Each pair carries a bandwidth equal to lF ≤ nF frequency channels of the
RAN, indexed as f ′ ∈ [1, lF ], so that a total of lSlF space-frequency resource blocks are available
over each cable, as shown in Figure 4. Furthermore, we assume that each analog fronthaul link
has enough resources to accommodate the transmission of the whole radio signal at each EN, i.e.,
lSlF ≥ nF . The fronthaul channel between each EN and the BBU is described by the matrix
lS
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Fig. 4. Space-frequency cable resource allocation
Hc ∈ RlS×lS , which accounts for direct channel gains on each cable, given by the diagonal
elements [Hc]ii, and for the intra-cable crosstalk, described by the off-diagonal elements [Hc]ij ,
with i 6= j. We assume here that the channel coefficients in Hc do not depend on frequency
f ′. Furthermore, in keeping the modeling assumptions of the Wyner model, we posit that the
direct channel gains for all the pairs are normalized to 1, while the crosstalk coefficients between
any pair of twisted-pairs are given by a coupling parameter γ ≥ 0. It follows that the fronthaul
channel matrix can be written as
Hc = γ1lS1
T
lS
+ (1− γ)IlS , (6)
where 1n denotes a column vector of size n of all ones and In is the identity matrix of size n.
We note that, in case of wireless fronthaul links such as in A-RoR, the coefficient γ accounts
for the mutual interference between spatially separated radio links. As a result, one typically
has γ > 0 when considering sub-6 GHz frequency bands, while the condition γ = 0 may be
reasonable in the mmWave or THz bands, in which communication is mainly noise-limited due
to the highly directive beams [36].
For a given time t, the symbols yk(t) received at EN k-th over all the nF radio frequency
channels are transported to the BBU over the lSlF cable resource blocks, where the mapping
between radio and cable resources is to be designed (see Section III-A) and depends on the
(a)
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ENk
Fronthaul Cable
lS
<latexit sha1_base64="7uMSyabKuyoUVUN/D39YboIqGck=">AAAB9XicbV C7TsNAEDyHVwivACXNiQiJKrIjJCgj0VAGhTykxIrWl0045fzQ3RoUWfkEWqjoEC3fQ8G/YBsXkDDVaGZXOztepKQh2/60SmvrG5tb5e3Kzu7e/kH18KhrwlgL7I hQhbrvgUElA+yQJIX9SCP4nsKeN7vO/N4DaiPD4I7mEbo+TAM5kQIoldpq1B5Va3bdzsFXiVOQGivQGlW/huNQxD4GJBQYM3DsiNwENEmhcFEZxgYjEDOY4iClA fho3CSPuuBnsQEKeYSaS8VzEX9vJOAbM/e9dNIHujfLXib+5w1imly5iQyimDAQ2SGSCvNDRmiZdoB8LDUSQZYcuQy4AA1EqCUHIVIxTkuppH04y9+vkm6j7th15 /ai1mwUzZTZCTtl58xhl6zJbliLdZhgU/bEntmL9Wi9Wm/W+89oySp2jtkfWB/fz5mSKw==</latexit><latexit sha1_base64="7uMSyabKuyoUVUN/D39YboIqGck=">AAAB9XicbV C7TsNAEDyHVwivACXNiQiJKrIjJCgj0VAGhTykxIrWl0045fzQ3RoUWfkEWqjoEC3fQ8G/YBsXkDDVaGZXOztepKQh2/60SmvrG5tb5e3Kzu7e/kH18KhrwlgL7I hQhbrvgUElA+yQJIX9SCP4nsKeN7vO/N4DaiPD4I7mEbo+TAM5kQIoldpq1B5Va3bdzsFXiVOQGivQGlW/huNQxD4GJBQYM3DsiNwENEmhcFEZxgYjEDOY4iClA fho3CSPuuBnsQEKeYSaS8VzEX9vJOAbM/e9dNIHujfLXib+5w1imly5iQyimDAQ2SGSCvNDRmiZdoB8LDUSQZYcuQy4AA1EqCUHIVIxTkuppH04y9+vkm6j7th15 /ai1mwUzZTZCTtl58xhl6zJbliLdZhgU/bEntmL9Wi9Wm/W+89oySp2jtkfWB/fz5mSKw==</latexit><latexit sha1_base64="7uMSyabKuyoUVUN/D39YboIqGck=">AAAB9XicbV C7TsNAEDyHVwivACXNiQiJKrIjJCgj0VAGhTykxIrWl0045fzQ3RoUWfkEWqjoEC3fQ8G/YBsXkDDVaGZXOztepKQh2/60SmvrG5tb5e3Kzu7e/kH18KhrwlgL7I hQhbrvgUElA+yQJIX9SCP4nsKeN7vO/N4DaiPD4I7mEbo+TAM5kQIoldpq1B5Va3bdzsFXiVOQGivQGlW/huNQxD4GJBQYM3DsiNwENEmhcFEZxgYjEDOY4iClA fho3CSPuuBnsQEKeYSaS8VzEX9vJOAbM/e9dNIHujfLXib+5w1imly5iQyimDAQ2SGSCvNDRmiZdoB8LDUSQZYcuQy4AA1EqCUHIVIxTkuppH04y9+vkm6j7th15 /ai1mwUzZTZCTtl58xhl6zJbliLdZhgU/bEntmL9Wi9Wm/W+89oySp2jtkfWB/fz5mSKw==</latexit><latexit sha1_base64="7uMSyabKuyoUVUN/D39YboIqGck=">AAAB9XicbV C7TsNAEDyHVwivACXNiQiJKrIjJCgj0VAGhTykxIrWl0045fzQ3RoUWfkEWqjoEC3fQ8G/YBsXkDDVaGZXOztepKQh2/60SmvrG5tb5e3Kzu7e/kH18KhrwlgL7I hQhbrvgUElA+yQJIX9SCP4nsKeN7vO/N4DaiPD4I7mEbo+TAM5kQIoldpq1B5Va3bdzsFXiVOQGivQGlW/huNQxD4GJBQYM3DsiNwENEmhcFEZxgYjEDOY4iClA fho3CSPuuBnsQEKeYSaS8VzEX9vJOAbM/e9dNIHujfLXib+5w1imly5iQyimDAQ2SGSCvNDRmiZdoB8LDUSQZYcuQy4AA1EqCUHIVIxTkuppH04y9+vkm6j7th15 /ai1mwUzZTZCTtl58xhl6zJbliLdZhgU/bEntmL9Wi9Wm/W+89oySp2jtkfWB/fz5mSKw==</latexit>
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<latexit sha1_base64="7Nr9GbWVSBkrWDJudwlEi6WbYJQ=">AAAB+XicbV DLSgNBEOyNrxhfUY9eBoPgKe4GQY8BQTxGNA9IljA76cQhs7PLTK8QlnyEVz15E69+jQf/xU3cgybWqajqpqsriJW05LqfTmFldW19o7hZ2tre2d0r7x+0bJQYgU 0Rqch0Am5RSY1NkqSwExvkYaCwHYyvZn77EY2Vkb6nSYx+yEdaDqXglElt3b8+U/27frniVt052DLxclKBHI1++as3iEQSoiahuLVdz43JT7khKRROS73EYszFm I+wm1HNQ7R+Oo87ZSeJ5RSxGA2Tis1F/L2R8tDaSRhkkyGnB7vozcT/vG5Cw0s/lTpOCLWYHSKpcH7ICiOzHpANpEEiPkuOTGomuOFEaCTjQmRikhVTyvrwFr9fJ q1a1XOr3u15pV7LmynCERzDKXhwAXW4gQY0QcAYnuAZXpzUeXXenPef0YKT7xzCHzgf31+Qk5U=</latexit><latexit sha1_base64="7Nr9GbWVSBkrWDJudwlEi6WbYJQ=">AAAB+XicbV DLSgNBEOyNrxhfUY9eBoPgKe4GQY8BQTxGNA9IljA76cQhs7PLTK8QlnyEVz15E69+jQf/xU3cgybWqajqpqsriJW05LqfTmFldW19o7hZ2tre2d0r7x+0bJQYgU 0Rqch0Am5RSY1NkqSwExvkYaCwHYyvZn77EY2Vkb6nSYx+yEdaDqXglElt3b8+U/27frniVt052DLxclKBHI1++as3iEQSoiahuLVdz43JT7khKRROS73EYszFm I+wm1HNQ7R+Oo87ZSeJ5RSxGA2Tis1F/L2R8tDaSRhkkyGnB7vozcT/vG5Cw0s/lTpOCLWYHSKpcH7ICiOzHpANpEEiPkuOTGomuOFEaCTjQmRikhVTyvrwFr9fJ q1a1XOr3u15pV7LmynCERzDKXhwAXW4gQY0QcAYnuAZXpzUeXXenPef0YKT7xzCHzgf31+Qk5U=</latexit><latexit sha1_base64="7Nr9GbWVSBkrWDJudwlEi6WbYJQ=">AAAB+XicbV DLSgNBEOyNrxhfUY9eBoPgKe4GQY8BQTxGNA9IljA76cQhs7PLTK8QlnyEVz15E69+jQf/xU3cgybWqajqpqsriJW05LqfTmFldW19o7hZ2tre2d0r7x+0bJQYgU 0Rqch0Am5RSY1NkqSwExvkYaCwHYyvZn77EY2Vkb6nSYx+yEdaDqXglElt3b8+U/27frniVt052DLxclKBHI1++as3iEQSoiahuLVdz43JT7khKRROS73EYszFm I+wm1HNQ7R+Oo87ZSeJ5RSxGA2Tis1F/L2R8tDaSRhkkyGnB7vozcT/vG5Cw0s/lTpOCLWYHSKpcH7ICiOzHpANpEEiPkuOTGomuOFEaCTjQmRikhVTyvrwFr9fJ q1a1XOr3u15pV7LmynCERzDKXhwAXW4gQY0QcAYnuAZXpzUeXXenPef0YKT7xzCHzgf31+Qk5U=</latexit><latexit sha1_base64="7Nr9GbWVSBkrWDJudwlEi6WbYJQ=">AAAB+XicbV DLSgNBEOyNrxhfUY9eBoPgKe4GQY8BQTxGNA9IljA76cQhs7PLTK8QlnyEVz15E69+jQf/xU3cgybWqajqpqsriJW05LqfTmFldW19o7hZ2tre2d0r7x+0bJQYgU 0Rqch0Am5RSY1NkqSwExvkYaCwHYyvZn77EY2Vkb6nSYx+yEdaDqXglElt3b8+U/27frniVt052DLxclKBHI1++as3iEQSoiahuLVdz43JT7khKRROS73EYszFm I+wm1HNQ7R+Oo87ZSeJ5RSxGA2Tis1F/L2R8tDaSRhkkyGnB7vozcT/vG5Cw0s/lTpOCLWYHSKpcH7ICiOzHpANpEEiPkuOTGomuOFEaCTjQmRikhVTyvrwFr9fJ q1a1XOr3u15pV7LmynCERzDKXhwAXW4gQY0QcAYnuAZXpzUeXXenPef0YKT7xzCHzgf31+Qk5U=</latexit>
nF
<latexit sha1_base64="DsfQb3Z5w xqrIEyNCTYPVn9Lqt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BQ TxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4mbdgybWqajqpqvLj5S05Lq fTmFldW19o7hZ2tre2d0r7x+0bBgbgU0RqtB0fG5RSY1NkqSwExnkga+w7U8u5 377AY2Vob6jaYT9gI+1HEnBKZVu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQ Ut7bruRH1E25ICoWzUi+2GHEx4WPsplTzAG0/yaLO2ElsOYUsQsOkYpmIvzcS Hlg7Dfx0MuB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc 0EN5wIjWRciFSM01JKaR/e4vfLpFWrem7Vuzmr1Gt5M0U4gmM4BQ/OoQ7X0IAm CBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</latexit><latexit sha1_base64="DsfQb3Z5w xqrIEyNCTYPVn9Lqt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BQ TxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4mbdgybWqajqpqvLj5S05Lq fTmFldW19o7hZ2tre2d0r7x+0bBgbgU0RqtB0fG5RSY1NkqSwExnkga+w7U8u5 377AY2Vob6jaYT9gI+1HEnBKZVu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQ Ut7bruRH1E25ICoWzUi+2GHEx4WPsplTzAG0/yaLO2ElsOYUsQsOkYpmIvzcS Hlg7Dfx0MuB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc 0EN5wIjWRciFSM01JKaR/e4vfLpFWrem7Vuzmr1Gt5M0U4gmM4BQ/OoQ7X0IAm CBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</latexit><latexit sha1_base64="DsfQb3Z5w xqrIEyNCTYPVn9Lqt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BQ TxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4mbdgybWqajqpqvLj5S05Lq fTmFldW19o7hZ2tre2d0r7x+0bBgbgU0RqtB0fG5RSY1NkqSwExnkga+w7U8u5 377AY2Vob6jaYT9gI+1HEnBKZVu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQ Ut7bruRH1E25ICoWzUi+2GHEx4WPsplTzAG0/yaLO2ElsOYUsQsOkYpmIvzcS Hlg7Dfx0MuB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc 0EN5wIjWRciFSM01JKaR/e4vfLpFWrem7Vuzmr1Gt5M0U4gmM4BQ/OoQ7X0IAm CBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</latexit><latexit sha1_base64="DsfQb3Z5w xqrIEyNCTYPVn9Lqt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BQ TxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4mbdgybWqajqpqvLj5S05Lq fTmFldW19o7hZ2tre2d0r7x+0bBgbgU0RqtB0fG5RSY1NkqSwExnkga+w7U8u5 377AY2Vob6jaYT9gI+1HEnBKZVu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQ Ut7bruRH1E25ICoWzUi+2GHEx4WPsplTzAG0/yaLO2ElsOYUsQsOkYpmIvzcS Hlg7Dfx0MuB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc 0EN5wIjWRciFSM01JKaR/e4vfLpFWrem7Vuzmr1Gt5M0U4gmM4BQ/OoQ7X0IAm CBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</latexit>
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<latexit sha1_base64="zE53wwOVs zz1BkR0ItmKYUXo6fU=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIoYlshARlJ BrKIJGHlFjW+bIJp5wfuttDiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udnSCRQqP jfFqVtfWNza3qdm1nd2+/bh8c9nRsFIcuj2WsBgHTIEUEXRQoYZAoYGEgoR/Mr nO//wBKizi6w3kCXsimkZgIzjCTfLs+ChneB5N0vvBnTTzz7YbTcgrQVeKWpEF KdHz7azSOuQkhQi6Z1kPXSdBLmULBJSxqI6MhYXzGpjDMaMRC0F5aBF/QU6MZ xjQBRYWkhQi/N1IWaj0Pg2wyj6mXvVz8zxsanFx5qYgSgxDx/BAKCcUhzZXIGg E6FgoQWZ4cqIgoZ4ohghKUcZ6JJquolvXhLn+/SnrnLddpubcXjbZTNlMlx+SE NIlLLkmb3JAO6RJODHkiz+TFerRerTfr/We0YpU7R+QPrI9vfJCXgg==</late xit><latexit sha1_base64="zE53wwOVs zz1BkR0ItmKYUXo6fU=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIoYlshARlJ BrKIJGHlFjW+bIJp5wfuttDiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udnSCRQqP jfFqVtfWNza3qdm1nd2+/bh8c9nRsFIcuj2WsBgHTIEUEXRQoYZAoYGEgoR/Mr nO//wBKizi6w3kCXsimkZgIzjCTfLs+ChneB5N0vvBnTTzz7YbTcgrQVeKWpEF KdHz7azSOuQkhQi6Z1kPXSdBLmULBJSxqI6MhYXzGpjDMaMRC0F5aBF/QU6MZ xjQBRYWkhQi/N1IWaj0Pg2wyj6mXvVz8zxsanFx5qYgSgxDx/BAKCcUhzZXIGg E6FgoQWZ4cqIgoZ4ohghKUcZ6JJquolvXhLn+/SnrnLddpubcXjbZTNlMlx+SE NIlLLkmb3JAO6RJODHkiz+TFerRerTfr/We0YpU7R+QPrI9vfJCXgg==</late xit><latexit sha1_base64="zE53wwOVs zz1BkR0ItmKYUXo6fU=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIoYlshARlJ BrKIJGHlFjW+bIJp5wfuttDiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udnSCRQqP jfFqVtfWNza3qdm1nd2+/bh8c9nRsFIcuj2WsBgHTIEUEXRQoYZAoYGEgoR/Mr nO//wBKizi6w3kCXsimkZgIzjCTfLs+ChneB5N0vvBnTTzz7YbTcgrQVeKWpEF KdHz7azSOuQkhQi6Z1kPXSdBLmULBJSxqI6MhYXzGpjDMaMRC0F5aBF/QU6MZ xjQBRYWkhQi/N1IWaj0Pg2wyj6mXvVz8zxsanFx5qYgSgxDx/BAKCcUhzZXIGg E6FgoQWZ4cqIgoZ4ohghKUcZ6JJquolvXhLn+/SnrnLddpubcXjbZTNlMlx+SE NIlLLkmb3JAO6RJODHkiz+TFerRerTfr/We0YpU7R+QPrI9vfJCXgg==</late xit><latexit sha1_base64="zE53wwOVs zz1BkR0ItmKYUXo6fU=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIoYlshARlJ BrKIJGHlFjW+bIJp5wfuttDiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udnSCRQqP jfFqVtfWNza3qdm1nd2+/bh8c9nRsFIcuj2WsBgHTIEUEXRQoYZAoYGEgoR/Mr nO//wBKizi6w3kCXsimkZgIzjCTfLs+ChneB5N0vvBnTTzz7YbTcgrQVeKWpEF KdHz7azSOuQkhQi6Z1kPXSdBLmULBJSxqI6MhYXzGpjDMaMRC0F5aBF/QU6MZ xjQBRYWkhQi/N1IWaj0Pg2wyj6mXvVz8zxsanFx5qYgSgxDx/BAKCcUhzZXIGg E6FgoQWZ4cqIgoZ4ohghKUcZ6JJquolvXhLn+/SnrnLddpubcXjbZTNlMlx+SE NIlLLkmb3JAO6RJODHkiz+TFerRerTfr/We0YpU7R+QPrI9vfJCXgg==</late xit>
µ = 1
<latexit sha1_base64="r1Y44noWg Q+hpF8UOqyeLQ0BGVs=">AAAB93icbVA9SwNBFNzzM8avqKXNYhCswp0I2ggBG 8sIXhJIjrC3eYlLdveO3bdCCPkNtlrZia0/x8L/4t15hSZONcy8x5s3cSqFRd/ /9FZW19Y3Nitb1e2d3b392sFh2ybOcAh5IhPTjZkFKTSEKFBCNzXAVCyhE09uc r/zCMaKRN/jNIVIsbEWI8EZZlLYV+46GNTqfsMvQJdJUJI6KdEa1L76w4Q7BRq 5ZNb2Aj/FaMYMCi5hXu07CynjEzaGXkY1U2CjWRF2Tk+dZZjQFAwVkhYi/N6Y MWXtVMXZpGL4YBe9XPzP6zkcXUUzoVOHoHl+CIWE4pDlRmQtAB0KA4gsTw5UaM qZYYhgBGWcZ6LLaqlmfQSL3y+T9nkj8BvB3UW96ZfNVMgxOSFnJCCXpEluSYuE hBNBnsgzefGm3qv35r3/jK545c4R+QPv4xv475LL</latexit><latexit sha1_base64="r1Y44noWg Q+hpF8UOqyeLQ0BGVs=">AAAB93icbVA9SwNBFNzzM8avqKXNYhCswp0I2ggBG 8sIXhJIjrC3eYlLdveO3bdCCPkNtlrZia0/x8L/4t15hSZONcy8x5s3cSqFRd/ /9FZW19Y3Nitb1e2d3b392sFh2ybOcAh5IhPTjZkFKTSEKFBCNzXAVCyhE09uc r/zCMaKRN/jNIVIsbEWI8EZZlLYV+46GNTqfsMvQJdJUJI6KdEa1L76w4Q7BRq 5ZNb2Aj/FaMYMCi5hXu07CynjEzaGXkY1U2CjWRF2Tk+dZZjQFAwVkhYi/N6Y MWXtVMXZpGL4YBe9XPzP6zkcXUUzoVOHoHl+CIWE4pDlRmQtAB0KA4gsTw5UaM qZYYhgBGWcZ6LLaqlmfQSL3y+T9nkj8BvB3UW96ZfNVMgxOSFnJCCXpEluSYuE hBNBnsgzefGm3qv35r3/jK545c4R+QPv4xv475LL</latexit><latexit sha1_base64="r1Y44noWg Q+hpF8UOqyeLQ0BGVs=">AAAB93icbVA9SwNBFNzzM8avqKXNYhCswp0I2ggBG 8sIXhJIjrC3eYlLdveO3bdCCPkNtlrZia0/x8L/4t15hSZONcy8x5s3cSqFRd/ /9FZW19Y3Nitb1e2d3b392sFh2ybOcAh5IhPTjZkFKTSEKFBCNzXAVCyhE09uc r/zCMaKRN/jNIVIsbEWI8EZZlLYV+46GNTqfsMvQJdJUJI6KdEa1L76w4Q7BRq 5ZNb2Aj/FaMYMCi5hXu07CynjEzaGXkY1U2CjWRF2Tk+dZZjQFAwVkhYi/N6Y MWXtVMXZpGL4YBe9XPzP6zkcXUUzoVOHoHl+CIWE4pDlRmQtAB0KA4gsTw5UaM qZYYhgBGWcZ6LLaqlmfQSL3y+T9nkj8BvB3UW96ZfNVMgxOSFnJCCXpEluSYuE hBNBnsgzefGm3qv35r3/jK545c4R+QPv4xv475LL</latexit><latexit sha1_base64="r1Y44noWg Q+hpF8UOqyeLQ0BGVs=">AAAB93icbVA9SwNBFNzzM8avqKXNYhCswp0I2ggBG 8sIXhJIjrC3eYlLdveO3bdCCPkNtlrZia0/x8L/4t15hSZONcy8x5s3cSqFRd/ /9FZW19Y3Nitb1e2d3b392sFh2ybOcAh5IhPTjZkFKTSEKFBCNzXAVCyhE09uc r/zCMaKRN/jNIVIsbEWI8EZZlLYV+46GNTqfsMvQJdJUJI6KdEa1L76w4Q7BRq 5ZNb2Aj/FaMYMCi5hXu07CynjEzaGXkY1U2CjWRF2Tk+dZZjQFAwVkhYi/N6Y MWXtVMXZpGL4YBe9XPzP6zkcXUUzoVOHoHl+CIWE4pDlRmQtAB0KA4gsTw5UaM qZYYhgBGWcZ6LLaqlmfQSL3y+T9nkj8BvB3UW96ZfNVMgxOSFnJCCXpEluSYuE hBNBnsgzefGm3qv35r3/jK545c4R+QPv4xv475LL</latexit>
µ = 1/lS
<latexit sha1_base64="lZgaqz++SsDM/LolXUvurUzjZSA=">AAAB+3icbV C7TsNAEDyHVwivACXNiQiJKtgICRqkSDSUQZAHSqzofNmEU+7O1t0aKbLyFbRQ0SFaPoaCf8E2LiBhqtHMrnZ2gkgKi6776ZSWlldW18rrlY3Nre2d6u5e24ax4d DioQxNN2AWpNDQQoESupEBpgIJnWBylfmdRzBWhPoOpxH4io21GAnOMJXu+yq+9E7k4HZQrbl1NwddJF5BaqRAc1D96g9DHivQyCWztue5EfoJMyi4hFmlH1uIG J+wMfRSqpkC6yd54Bk9ii3DkEZgqJA0F+H3RsKUtVMVpJOK4YOd9zLxP68X4+jCT4SOYgTNs0MoJOSHLDcibQLoUBhAZFlyoEJTzgxDBCMo4zwV47SaStqHN//9I mmf1j237t2c1Rpu0UyZHJBDckw8ck4a5Jo0SYtwosgTeSYvzsx5dd6c95/RklPs7JM/cD6+AZx7lEA=</latexit><latexit sha1_base64="lZgaqz++SsDM/LolXUvurUzjZSA=">AAAB+3icbV C7TsNAEDyHVwivACXNiQiJKtgICRqkSDSUQZAHSqzofNmEU+7O1t0aKbLyFbRQ0SFaPoaCf8E2LiBhqtHMrnZ2gkgKi6776ZSWlldW18rrlY3Nre2d6u5e24ax4d DioQxNN2AWpNDQQoESupEBpgIJnWBylfmdRzBWhPoOpxH4io21GAnOMJXu+yq+9E7k4HZQrbl1NwddJF5BaqRAc1D96g9DHivQyCWztue5EfoJMyi4hFmlH1uIG J+wMfRSqpkC6yd54Bk9ii3DkEZgqJA0F+H3RsKUtVMVpJOK4YOd9zLxP68X4+jCT4SOYgTNs0MoJOSHLDcibQLoUBhAZFlyoEJTzgxDBCMo4zwV47SaStqHN//9I mmf1j237t2c1Rpu0UyZHJBDckw8ck4a5Jo0SYtwosgTeSYvzsx5dd6c95/RklPs7JM/cD6+AZx7lEA=</latexit><latexit sha1_base64="lZgaqz++SsDM/LolXUvurUzjZSA=">AAAB+3icbV C7TsNAEDyHVwivACXNiQiJKtgICRqkSDSUQZAHSqzofNmEU+7O1t0aKbLyFbRQ0SFaPoaCf8E2LiBhqtHMrnZ2gkgKi6776ZSWlldW18rrlY3Nre2d6u5e24ax4d DioQxNN2AWpNDQQoESupEBpgIJnWBylfmdRzBWhPoOpxH4io21GAnOMJXu+yq+9E7k4HZQrbl1NwddJF5BaqRAc1D96g9DHivQyCWztue5EfoJMyi4hFmlH1uIG J+wMfRSqpkC6yd54Bk9ii3DkEZgqJA0F+H3RsKUtVMVpJOK4YOd9zLxP68X4+jCT4SOYgTNs0MoJOSHLDcibQLoUBhAZFlyoEJTzgxDBCMo4zwV47SaStqHN//9I mmf1j237t2c1Rpu0UyZHJBDckw8ck4a5Jo0SYtwosgTeSYvzsx5dd6c95/RklPs7JM/cD6+AZx7lEA=</latexit><latexit sha1_base64="lZgaqz++SsDM/LolXUvurUzjZSA=">AAAB+3icbV C7TsNAEDyHVwivACXNiQiJKtgICRqkSDSUQZAHSqzofNmEU+7O1t0aKbLyFbRQ0SFaPoaCf8E2LiBhqtHMrnZ2gkgKi6776ZSWlldW18rrlY3Nre2d6u5e24ax4d DioQxNN2AWpNDQQoESupEBpgIJnWBylfmdRzBWhPoOpxH4io21GAnOMJXu+yq+9E7k4HZQrbl1NwddJF5BaqRAc1D96g9DHivQyCWztue5EfoJMyi4hFmlH1uIG J+wMfRSqpkC6yd54Bk9ii3DkEZgqJA0F+H3RsKUtVMVpJOK4YOd9zLxP68X4+jCT4SOYgTNs0MoJOSHLDcibQLoUBhAZFlyoEJTzgxDBCMo4zwV47SaStqHN//9I mmf1j237t2c1Rpu0UyZHJBDckw8ck4a5Jo0SYtwosgTeSYvzsx5dd6c95/RklPs7JM/cD6+AZx7lEA=</latexit>
⌘ = lS
<latexit sha1_base64="bN4O8iWe1 cMJ3Q/izyvpLOeOdo4=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpE g1lEOQhJVa0vmzCKeezdbdGikJ+ghYqOkTLz1DwL9jGBSRMNZrZ1c5OECtpyXU /naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikhqbJElhJzYIYaCwHYyvM r/9gMbKSN/RJEY/hJGWQymAUqnTQ4JL1b/tV6puzc3BF4lXkCor0OhXvnqDSCQ hahIKrO16bkz+FAxJoXBW7iUWYxBjGGE3pRpCtP40zzvjx4kFiniMhkvFcxF/ b0whtHYSBulkCHRv571M/M/rJjS88KdSxwmhFtkhkgrzQ1YYmRaBfCANEkGWHL nUXIABIjSSgxCpmKTNlNM+vPnvF0nrtOa5Ne/mrFp3i2ZK7JAdsRPmsXNWZ9es wZpMMMWe2DN7cR6dV+fNef8ZXXKKnQP2B87HN2lMlC4=</latexit><latexit sha1_base64="bN4O8iWe1 cMJ3Q/izyvpLOeOdo4=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpE g1lEOQhJVa0vmzCKeezdbdGikJ+ghYqOkTLz1DwL9jGBSRMNZrZ1c5OECtpyXU /naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikhqbJElhJzYIYaCwHYyvM r/9gMbKSN/RJEY/hJGWQymAUqnTQ4JL1b/tV6puzc3BF4lXkCor0OhXvnqDSCQ hahIKrO16bkz+FAxJoXBW7iUWYxBjGGE3pRpCtP40zzvjx4kFiniMhkvFcxF/ b0whtHYSBulkCHRv571M/M/rJjS88KdSxwmhFtkhkgrzQ1YYmRaBfCANEkGWHL nUXIABIjSSgxCpmKTNlNM+vPnvF0nrtOa5Ne/mrFp3i2ZK7JAdsRPmsXNWZ9es wZpMMMWe2DN7cR6dV+fNef8ZXXKKnQP2B87HN2lMlC4=</latexit><latexit sha1_base64="bN4O8iWe1 cMJ3Q/izyvpLOeOdo4=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpE g1lEOQhJVa0vmzCKeezdbdGikJ+ghYqOkTLz1DwL9jGBSRMNZrZ1c5OECtpyXU /naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikhqbJElhJzYIYaCwHYyvM r/9gMbKSN/RJEY/hJGWQymAUqnTQ4JL1b/tV6puzc3BF4lXkCor0OhXvnqDSCQ hahIKrO16bkz+FAxJoXBW7iUWYxBjGGE3pRpCtP40zzvjx4kFiniMhkvFcxF/ b0whtHYSBulkCHRv571M/M/rJjS88KdSxwmhFtkhkgrzQ1YYmRaBfCANEkGWHL nUXIABIjSSgxCpmKTNlNM+vPnvF0nrtOa5Ne/mrFp3i2ZK7JAdsRPmsXNWZ9es wZpMMMWe2DN7cR6dV+fNef8ZXXKKnQP2B87HN2lMlC4=</latexit><latexit sha1_base64="bN4O8iWe1 cMJ3Q/izyvpLOeOdo4=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpE g1lEOQhJVa0vmzCKeezdbdGikJ+ghYqOkTLz1DwL9jGBSRMNZrZ1c5OECtpyXU /naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikhqbJElhJzYIYaCwHYyvM r/9gMbKSN/RJEY/hJGWQymAUqnTQ4JL1b/tV6puzc3BF4lXkCor0OhXvnqDSCQ hahIKrO16bkz+FAxJoXBW7iUWYxBjGGE3pRpCtP40zzvjx4kFiniMhkvFcxF/ b0whtHYSBulkCHRv571M/M/rJjS88KdSxwmhFtkhkgrzQ1YYmRaBfCANEkGWHL nUXIABIjSSgxCpmKTNlNM+vPnvF0nrtOa5Ne/mrFp3i2ZK7JAdsRPmsXNWZ9es wZpMMMWe2DN7cR6dV+fNef8ZXXKKnQP2B87HN2lMlC4=</latexit>
⌘ = 1
<latexit sha1_base64="8a4WtUrw1HH3cE13J0GxEjiGLss=">AAAB+HicbV C7TsNAEDzzDOEVoKQ5ESFRRTZCggYpEg1lkMhDSqxofdmEI+ezdbdGClb+gRYqOkTL31DwL9gmBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBD ZFpCLTCcCikhqbJElhJzYIYaCwHYyvcr/9gMbKSN/SJEY/hJGWQymAMqnVQ4JLr1+pujW3AF8k3oxU2QyNfuWrN4hEEqImocDarufG5KdgSAqF03IvsRiDGMMIu xnVEKL10yLtlB8nFijiMRouFS9E/L2RQmjtJAyyyRDozs57ufif101oeOGnUscJoRb5IZIKi0NWGJnVgHwgDRJBnhy51FyAASI0koMQmZhkvZSzPrz57xdJ67Tmu TXv5qxad2fNlNghO2InzGPnrM6uWYM1mWD37Ik9sxfn0Xl13pz3n9ElZ7ZzwP7A+fgGqPqTLQ==</latexit><latexit sha1_base64="8a4WtUrw1HH3cE13J0GxEjiGLss=">AAAB+HicbV C7TsNAEDzzDOEVoKQ5ESFRRTZCggYpEg1lkMhDSqxofdmEI+ezdbdGClb+gRYqOkTL31DwL9gmBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBD ZFpCLTCcCikhqbJElhJzYIYaCwHYyvcr/9gMbKSN/SJEY/hJGWQymAMqnVQ4JLr1+pujW3AF8k3oxU2QyNfuWrN4hEEqImocDarufG5KdgSAqF03IvsRiDGMMIu xnVEKL10yLtlB8nFijiMRouFS9E/L2RQmjtJAyyyRDozs57ufif101oeOGnUscJoRb5IZIKi0NWGJnVgHwgDRJBnhy51FyAASI0koMQmZhkvZSzPrz57xdJ67Tmu TXv5qxad2fNlNghO2InzGPnrM6uWYM1mWD37Ik9sxfn0Xl13pz3n9ElZ7ZzwP7A+fgGqPqTLQ==</latexit><latexit sha1_base64="8a4WtUrw1HH3cE13J0GxEjiGLss=">AAAB+HicbV C7TsNAEDzzDOEVoKQ5ESFRRTZCggYpEg1lkMhDSqxofdmEI+ezdbdGClb+gRYqOkTL31DwL9gmBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBD ZFpCLTCcCikhqbJElhJzYIYaCwHYyvcr/9gMbKSN/SJEY/hJGWQymAMqnVQ4JLr1+pujW3AF8k3oxU2QyNfuWrN4hEEqImocDarufG5KdgSAqF03IvsRiDGMMIu xnVEKL10yLtlB8nFijiMRouFS9E/L2RQmjtJAyyyRDozs57ufif101oeOGnUscJoRb5IZIKi0NWGJnVgHwgDRJBnhy51FyAASI0koMQmZhkvZSzPrz57xdJ67Tmu TXv5qxad2fNlNghO2InzGPnrM6uWYM1mWD37Ik9sxfn0Xl13pz3n9ElZ7ZzwP7A+fgGqPqTLQ==</latexit><latexit sha1_base64="8a4WtUrw1HH3cE13J0GxEjiGLss=">AAAB+HicbV C7TsNAEDzzDOEVoKQ5ESFRRTZCggYpEg1lkMhDSqxofdmEI+ezdbdGClb+gRYqOkTL31DwL9gmBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBD ZFpCLTCcCikhqbJElhJzYIYaCwHYyvcr/9gMbKSN/SJEY/hJGWQymAMqnVQ4JLr1+pujW3AF8k3oxU2QyNfuWrN4hEEqImocDarufG5KdgSAqF03IvsRiDGMMIu xnVEKL10yLtlB8nFijiMRouFS9E/L2RQmjtJAyyyRDozs57ufif101oeOGnUscJoRb5IZIKi0NWGJnVgHwgDRJBnhy51FyAASI0koMQmZhkvZSzPrz57xdJ67Tmu TXv5qxad2fNlNghO2InzGPnrM6uWYM1mWD37Ik9sxfn0Xl13pz3n9ElZ7ZzwP7A+fgGqPqTLQ==</latexit>
(b)
ENk
nF
<latexit sha1_base64="DsfQb3Z5wxqrIEyNCTYPVn9Lqt4=">AAAB9XicbV DLSgNBEOyNrxhfUY9eBoPgKewGQY8BQTxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4mbdgybWqajqpqvLj5S05LqfTmFldW19o7hZ2tre2d0r7x+0bBgbgU 0RqtB0fG5RSY1NkqSwExnkga+w7U8u5377AY2Vob6jaYT9gI+1HEnBKZVu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQUt7bruRH1E25ICoWzUi+2GHEx4WPsp lTzAG0/yaLO2ElsOYUsQsOkYpmIvzcSHlg7Dfx0MuB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc0EN5wIjWRciFSM01JKaR/e4vfLpFWre m7Vuzmr1Gt5M0U4gmM4BQ/OoQ7X0IAmCBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</latexit><latexit sha1_base64="DsfQb3Z5wxqrIEyNCTYPVn9Lqt4=">AAAB9XicbV DLSgNBEOyNrxhfUY9eBoPgKewGQY8BQTxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4mbdgybWqajqpqvLj5S05LqfTmFldW19o7hZ2tre2d0r7x+0bBgbgU 0RqtB0fG5RSY1NkqSwExnkga+w7U8u5377AY2Vob6jaYT9gI+1HEnBKZVu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQUt7bruRH1E25ICoWzUi+2GHEx4WPsp lTzAG0/yaLO2ElsOYUsQsOkYpmIvzcSHlg7Dfx0MuB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc0EN5wIjWRciFSM01JKaR/e4vfLpFWre m7Vuzmr1Gt5M0U4gmM4BQ/OoQ7X0IAmCBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</latexit><latexit sha1_base64="DsfQb3Z5wxqrIEyNCTYPVn9Lqt4=">AAAB9XicbV DLSgNBEOyNrxhfUY9eBoPgKewGQY8BQTxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4mbdgybWqajqpqvLj5S05LqfTmFldW19o7hZ2tre2d0r7x+0bBgbgU 0RqtB0fG5RSY1NkqSwExnkga+w7U8u5377AY2Vob6jaYT9gI+1HEnBKZVu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQUt7bruRH1E25ICoWzUi+2GHEx4WPsp lTzAG0/yaLO2ElsOYUsQsOkYpmIvzcSHlg7Dfx0MuB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc0EN5wIjWRciFSM01JKaR/e4vfLpFWre m7Vuzmr1Gt5M0U4gmM4BQ/OoQ7X0IAmCBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</latexit><latexit sha1_base64="DsfQb3Z5wxqrIEyNCTYPVn9Lqt4=">AAAB9XicbV DLSgNBEOyNrxhfUY9eBoPgKewGQY8BQTxGNA9IQpiddOKQ2dllplcJSz7Bq568iVe/x4P/4mbdgybWqajqpqvLj5S05LqfTmFldW19o7hZ2tre2d0r7x+0bBgbgU 0RqtB0fG5RSY1NkqSwExnkga+w7U8u5377AY2Vob6jaYT9gI+1HEnBKZVu9eBqUK64VTcDWyZeTiqQozEof/WGoYgD1CQUt7bruRH1E25ICoWzUi+2GHEx4WPsp lTzAG0/yaLO2ElsOYUsQsOkYpmIvzcSHlg7Dfx0MuB0bxe9ufif141pdNFPpI5iQi3mh0gqzA5ZYWTaAbKhNEjE58mRSc0EN5wIjWRciFSM01JKaR/e4vfLpFWre m7Vuzmr1Gt5M0U4gmM4BQ/OoQ7X0IAmCBjDEzzDi/PovDpvzvvPaMHJdw7hD5yPb754kiA=</latexit>
1
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3
4
5
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8
yk(t)
<latexit sha1_base64="zE53wwOVszz1BkR0ItmKYUXo6fU=">AAACA3icbV C7TsNAEDyHVwiPGChpTkRIoYlshARlJBrKIJGHlFjW+bIJp5wfuttDiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udnSCRQqPjfFqVtfWNza3qdm1nd2+/bh8c9nRsFI cuj2WsBgHTIEUEXRQoYZAoYGEgoR/MrnO//wBKizi6w3kCXsimkZgIzjCTfLs+ChneB5N0vvBnTTzz7YbTcgrQVeKWpEFKdHz7azSOuQkhQi6Z1kPXSdBLmULBJ SxqI6MhYXzGpjDMaMRC0F5aBF/QU6MZxjQBRYWkhQi/N1IWaj0Pg2wyj6mXvVz8zxsanFx5qYgSgxDx/BAKCcUhzZXIGgE6FgoQWZ4cqIgoZ4ohghKUcZ6JJquol vXhLn+/SnrnLddpubcXjbZTNlMlx+SENIlLLkmb3JAO6RJODHkiz+TFerRerTfr/We0YpU7R+QPrI9vfJCXgg==</latexit><latexit sha1_base64="zE53wwOVszz1BkR0ItmKYUXo6fU=">AAACA3icbV C7TsNAEDyHVwiPGChpTkRIoYlshARlJBrKIJGHlFjW+bIJp5wfuttDiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udnSCRQqPjfFqVtfWNza3qdm1nd2+/bh8c9nRsFI cuj2WsBgHTIEUEXRQoYZAoYGEgoR/MrnO//wBKizi6w3kCXsimkZgIzjCTfLs+ChneB5N0vvBnTTzz7YbTcgrQVeKWpEFKdHz7azSOuQkhQi6Z1kPXSdBLmULBJ SxqI6MhYXzGpjDMaMRC0F5aBF/QU6MZxjQBRYWkhQi/N1IWaj0Pg2wyj6mXvVz8zxsanFx5qYgSgxDx/BAKCcUhzZXIGgE6FgoQWZ4cqIgoZ4ohghKUcZ6JJquol vXhLn+/SnrnLddpubcXjbZTNlMlx+SENIlLLkmb3JAO6RJODHkiz+TFerRerTfr/We0YpU7R+QPrI9vfJCXgg==</latexit><latexit sha1_base64="zE53wwOVszz1BkR0ItmKYUXo6fU=">AAACA3icbV C7TsNAEDyHVwiPGChpTkRIoYlshARlJBrKIJGHlFjW+bIJp5wfuttDiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udnSCRQqPjfFqVtfWNza3qdm1nd2+/bh8c9nRsFI cuj2WsBgHTIEUEXRQoYZAoYGEgoR/MrnO//wBKizi6w3kCXsimkZgIzjCTfLs+ChneB5N0vvBnTTzz7YbTcgrQVeKWpEFKdHz7azSOuQkhQi6Z1kPXSdBLmULBJ SxqI6MhYXzGpjDMaMRC0F5aBF/QU6MZxjQBRYWkhQi/N1IWaj0Pg2wyj6mXvVz8zxsanFx5qYgSgxDx/BAKCcUhzZXIGgE6FgoQWZ4cqIgoZ4ohghKUcZ6JJquol vXhLn+/SnrnLddpubcXjbZTNlMlx+SENIlLLkmb3JAO6RJODHkiz+TFerRerTfr/We0YpU7R+QPrI9vfJCXgg==</latexit><latexit sha1_base64="zE53wwOVszz1BkR0ItmKYUXo6fU=">AAACA3icbV C7TsNAEDyHVwiPGChpTkRIoYlshARlJBrKIJGHlFjW+bIJp5wfuttDiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udnSCRQqPjfFqVtfWNza3qdm1nd2+/bh8c9nRsFI cuj2WsBgHTIEUEXRQoYZAoYGEgoR/MrnO//wBKizi6w3kCXsimkZgIzjCTfLs+ChneB5N0vvBnTTzz7YbTcgrQVeKWpEFKdHz7azSOuQkhQi6Z1kPXSdBLmULBJ SxqI6MhYXzGpjDMaMRC0F5aBF/QU6MZxjQBRYWkhQi/N1IWaj0Pg2wyj6mXvVz8zxsanFx5qYgSgxDx/BAKCcUhzZXIGgE6FgoQWZ4cqIgoZ4ohghKUcZ6JJquol vXhLn+/SnrnLddpubcXjbZTNlMlx+SENIlLLkmb3JAO6RJODHkiz+TFerRerTfr/We0YpU7R+QPrI9vfJCXgg==</latexit>
Fronthaul Cable
Fig. 5. Mapping of radio resources over cable resources: (a) maximum normalized cable bandwidth (full redundancy), µ = 1,
or η = lS ; (b) minimal normalized cable bandwidth (no redundancy), µ = 1/lS , or η = 1.
bandwidth lF available at each twisted-pair.
In this regards, we define the fraction µ ∈ [1/lS, 1] of the radio bandwidth nF that can be
carried by each pair, referred to as normalized cable bandwidth, as
µ =
lF
nF
. (7)
As a result, the quantity
η = µ · lS (8)
expresses the bandwidth amplification factor (or redundancy) over the cable fronthaul, as η ≥ 1.
To simplify, we assume here that both 1/µ and η are integer numbers. The two extreme situations
with µ = 1, or η = lS , and µ = 1/lS , or η = 1, are shown in Figure 5 for lS = 4 twisted-pairs
and nF = 8 subcarriers. For the first case, one replica of the whole radio signal yk(t) can be
transmitted over all of the lS pairs, and the bandwidth amplification over cable is η = lS . In
the second case, disjoint fractions of the received bandwidth can be forwarded on each pair
and the bandwidth amplification factor is η = 1. We now detail the signal model for fronthaul
transmission. To this end, let us define the lF×lS matrix Y˜k containing the signal to be transmitted
by the EN k-th to the BBU over the copper cable as
Y˜k = [y˜
1
k(t), y˜
2
k(t), ..., y˜
lS
k (t)], (9)
where the k-th column y˜ck(t) ∈ ClF×1 denotes the signal transmitted on twisted-pair c across all
the lF cable frequency resources. The signal R˜k ∈ ClF×lS received at the BBU from the k-th
EN across all the cable space-frequency resources is then computed as
R˜k(t) = Y˜k(t)Hc + W˜k(t), (10)
where W˜k(t) = [w˜1k(t), w˜
2
k(t), ..., w˜
lS
k (t)] ∈ ClF×lS is the additive white Gaussian cable noise un-
correlated over cable pairs and frequencies, i.e., w˜ck(t) ∼ CN (0, IlF ) for all pairs c = 1, 2, ..., lS .
As commonly assumed in wireline communications to control cable radiations [37], the power
of the cable symbol [y˜ck(t)]f ′ transmitted from ENk over twisted-pair c at frequency f
′ is
constrained to Pc by the (short-term: One can also consider the “long-term” power constraint
n−1T
∑
t E[|[y˜ck(t)]f ′ |2] ≤ Pc, ∀c ∈ [1, lS], f ′ ∈ [1, lF ] with minor modifications to the analysis
and final results. ) power constraint
E
[∣∣∣[y˜ck(t)]f ′ ∣∣∣2] ≤ Pc ∀c ∈ [1, lS], f ′ ∈ [1, lF ], t ∈ [1, nT ]. (11)
In the following, we will omit the time index t, when no confusion arises.
C. Performance Metrics
The performance metrics used to evaluate the interaction between eMBB and URLLC services
in the considered A-RoC-based C-RAN architecture are detailed in the following.
1) eMBB : Capacity enhancement is the main goal of the eMBB service, which is envisioned
to provide very high-rate communication to all the UEs. Therefore, for eMBB UEs, we are
interested in the per-UE rate defined as
RB =
log2(MB)
nTnF
, (12)
where MB is the number of codewords in the codebook of each eMBB UE.
2) URLLC: Differently from eMBB, URLLC service is mainly focused on low-latency and
reliability aspects. Due to the short length of URLLC packets, in order to guarantee ultra reliable
communications, we need to ensure that the error probability for each URLLC UE, denoted as
Pr[EU ], is bounded by a predefined value U (typically smaller than 10−3) as
Pr[EU ] ≤ U . (13)
Concerning latency, we define the maximum access latency LU as the maximum number of
minislots that an URLLC UE has to wait before transmitting a packet. Finally, although rate
enhancement is not one of the goals of URLLC service, it is still important to evaluate the
per-UE URLLC rate that can be guaranteed while satisfying the aforementioned latency and
reliability constraints. Similarly to (12), the per-UE URLLC rate is defined as
RU =
log2(MU)
nF
, (14)
where MU is the number of URLLC codewords in the codebook used by the URLLC UE for
each information packet.
III. ANALOG FRONTHAUL SIGNAL PROCESSING
The analog fronthaul links employed in the C-RAN system under study pose several challenges
in the system design, which are addressed in this section. Firstly, the radio signal received at
each EN needs to be mapped over the corresponding fronthaul resources in both frequency and
space dimension. Secondly, the signal at the output of each fronthaul link needs to be processed
in order to maximize the Signal-to-Noise Ratio (SNR) for all UE signals. Finally, the power
constraints in (11) must be properly enforced. All these requirements are to be addressed by
all-analog processing in order to meet the low-complexity and latency constraints of the analog
fronthaul. In the rest of this section, we discuss each of these problems in turn.
A. Radio Resource Mapping over Fronthaul Channels
To maximize the SNRs for all the signals forwarded over the fronthaul by symmetry, we need
to ensure that: (i) all the received signals are replicated η times across the cable twisted-pairs,
where we recall that η is the bandwidth amplification factor defined in (8); and (ii) cable cross-
talk interference among different radio frequency bands is minimized. In fact, as the transmitted
power at the cable input is limited by the constraints in (11), a simple and effective way to cope
with the impairments of the analog fronthaul links using the only analog-processing capability is
by introducing redundancy in the fronthaul transmission. To this end, without loss of generality,
we assume the following mapping rule between the nF radio signals at each EN and the lSlF
cable resources.
Let us consider the radio signal yk = [Y 1k , Y
2
k , ..., Y
nF
k ]
T received at the k-th EN. For a
given normalized cable bandwidth µ, the nF frequency channels of the radio signal yk can be
split into 1/µ sub-vectors of size lF = µnF as
yk =

y1k
y2k
...
y
1
µ
k
 , (15)
where each vector yjk contains a disjoint fraction of the radio signal bandwidth nF . Each vector
yjk can be transmitted over η twisted-pairs, where we recall that η is the fronthaul redundancy
factor. To this end, each signal yjk in (16) is transmitted over η consecutive cable twisted-pairs.
To formalize the described mapping, the first step consists in reorganizing the signal yk into
a lF × 1µ matrix as
Yk = vec−11
µ
(yk) =
[
y1k y
2
k ... y
1
µ
k
]
, (16)
where the operator vec−11
µ
(·) : CnF → CnF ·µ× 1µ acts as the inverse of the vectorization operator
vec(·), with the subindex 1/µ denoting the number of columns of the resulting matrix. Then,
the overall cable signal Y˜k transmitted by EN k-th in (9) can be equivalently written as
Y˜k =
[
y1k y
1
k . . . y
1
k︸ ︷︷ ︸
η
, y2k y
2
k . . . y
2
k︸ ︷︷ ︸
η
... y
1
µ
k y
1
µ
k . . . y
1
µ
k︸ ︷︷ ︸
η
]
, (17)
or, in compact form, as
Y˜k = Yk ⊗ 1Tη , (18)
where ⊗ denotes the Kronecker product (for a review of Kronecker product properties in signal
processing we refer the reader to [38]). Notice that in case of full normalized cable bandwidth,
i.e., µ = 1 (corresponding to η = lS), the signal Y˜k transmitted over the fronthaul cable simplifies
to Y˜k = yk⊗1TlS , which implies that the radio signal yk is replicated over all the lS twisted-pairs.
On the contrary, when the normalized cable bandwidth is minimal, i.e., µ = 1/lS (corresponding
to η = 1), the signal Y˜k does not contain any redundancy, and disjoints signals are transmitted
over all pairs, so that the cable signal Y˜k equals the matrix radio signal in (16) as Y˜k = Yk.
Remark - Practical Implementation Issues. The easiest practical implementation of the pro-
posed analog radio resource mapping at the EN is by grouping the subcarriers onto a specific
frequency portion of the cable, as described in [18], [19], [20], [22]. As an example, let us
assume that the EN is equipped with 5 antennas, that each antenna receives a 20-MHz radio
signal, and that the analog fronthauling disposes of 4 links with 100 MHz bandwidth each. In
this case, the above references have shown that it is possible to freely map, or to replicate,
in an all-analog fashion the 5 × 20 MHz bands onto the overall 4 × 100 MHz = 400 MHz
fronthaul bandwidth. This example corresponds to a special case of the model studied in this
paper, obtained by setting µ = 1, i.e., the whole radio signal bandwidth received at the ENs is
mapped/replicated over the analog fronthauling. More generally, this paper posits the possibility
to carry out the fronthaul mapping at a finer granularity, i.e., at a subcarrier level. In this case,
filtering operations would in practice be mandatory in order to extract groups of subcarriers.
This operation can be implemented in principle still by analog filters, whose design is left as
future works.
B. Signal Combining at the Fronthaul Output
As discussed, depending on the fronthaul bandwidth, a number η of noisy replicas of the radio
signals received at each EN are relayed to the BBU over η different twisted-pairs. Hence, in
order to maximize the SNRs for all signals, Maximum Ratio Combining (MRC) [39] is applied
at the cable output as
Rk = R˜kG, (19)
where Rk ∈ ClF×
1
µ is the signal received at BBU from the k-th EN after the combiner and
G ∈ RlS× 1µ is the MRC matrix. Under the assumptions here, MRC coincides with equal ratio
combining and hence matrix G can be written as
G =
1
η
(
I 1
µ
⊗ 1η
)
. (20)
As an example, in the case of maximum redundancy, i.e., η = lS , the MRC matrix G = l−1S 1lS
combines the analog signals received over all pairs, since they carry the same information signal.
On the contrary, in the case of minimal normalized bandwidth µ = 1/lS or η = 1, the matrix
G equals the identity matrix as G = IlS , since no combining is possible.
The signal rk ∈ CnF received at the BBU from ENk across the nF subcarriers is thus obtained
by vectorizing matrix Rk in (19) as
rk = vec(Rk). (21)
yk
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<latexit sha1_base64="bc8giouGiXiHJbGq0cMHfldOJA4=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRbcdFnBPqAJZTK9rUMnk2HmRiih4Fe41ZU7ceuvuPBfTGIW2npWh3Pu5Z57Qi2FRdf9dNbWNza3tis71d 29/YPD2tFxz8aJ4dDlsYzNIGQWpFDQRYESBtoAi0IJ/XB2k/v9BzBWxOoO5xqCiE2VmAjOMJN8P2J4H07S9mLER7W623AL0FXilaROSnRGtS9/HP MkAoVcMmuHnqsxSJlBwSUsqn5iQTM+Y1MYZlSxCGyQFpkX9DyxDGOqwVAhaSHC742URdbOozCbzDPaZS8X//OGCU6aQSqUThAUzw+hkFAcstyIrAy gY2EAkeXJgQpFOTMMEYygjPNMTLJ2qlkf3vL3q6R32fDchnd7VW81y2Yq5JSckQvikWvSIm3SIV3CiSZP5Jm8OI/Oq/PmvP+Mrjnlzgn5A+fjG/pY lj0=</latexit><latexit sha1_base64="bc8giouGiXiHJbGq0cMHfldOJA4=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRbcdFnBPqAJZTK9rUMnk2HmRiih4Fe41ZU7ceuvuPBfTGIW2npWh3Pu5Z57Qi2FRdf9dNbWNza3tis71d 29/YPD2tFxz8aJ4dDlsYzNIGQWpFDQRYESBtoAi0IJ/XB2k/v9BzBWxOoO5xqCiE2VmAjOMJN8P2J4H07S9mLER7W623AL0FXilaROSnRGtS9/HP MkAoVcMmuHnqsxSJlBwSUsqn5iQTM+Y1MYZlSxCGyQFpkX9DyxDGOqwVAhaSHC742URdbOozCbzDPaZS8X//OGCU6aQSqUThAUzw+hkFAcstyIrAy gY2EAkeXJgQpFOTMMEYygjPNMTLJ2qlkf3vL3q6R32fDchnd7VW81y2Yq5JSckQvikWvSIm3SIV3CiSZP5Jm8OI/Oq/PmvP+Mrjnlzgn5A+fjG/pY lj0=</latexit><latexit sha1_base64="bc8giouGiXiHJbGq0cMHfldOJA4=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRbcdFnBPqAJZTK9rUMnk2HmRiih4Fe41ZU7ceuvuPBfTGIW2npWh3Pu5Z57Qi2FRdf9dNbWNza3tis71d 29/YPD2tFxz8aJ4dDlsYzNIGQWpFDQRYESBtoAi0IJ/XB2k/v9BzBWxOoO5xqCiE2VmAjOMJN8P2J4H07S9mLER7W623AL0FXilaROSnRGtS9/HP MkAoVcMmuHnqsxSJlBwSUsqn5iQTM+Y1MYZlSxCGyQFpkX9DyxDGOqwVAhaSHC742URdbOozCbzDPaZS8X//OGCU6aQSqUThAUzw+hkFAcstyIrAy gY2EAkeXJgQpFOTMMEYygjPNMTLJ2qlkf3vL3q6R32fDchnd7VW81y2Yq5JSckQvikWvSIm3SIV3CiSZP5Jm8OI/Oq/PmvP+Mrjnlzgn5A+fjG/pY lj0=</latexit><latexit sha1_base64="bc8giouGiXiHJbGq0cMHfldOJA4=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRbcdFnBPqAJZTK9rUMnk2HmRiih4Fe41ZU7ceuvuPBfTGIW2npWh3Pu5Z57Qi2FRdf9dNbWNza3tis71d 29/YPD2tFxz8aJ4dDlsYzNIGQWpFDQRYESBtoAi0IJ/XB2k/v9BzBWxOoO5xqCiE2VmAjOMJN8P2J4H07S9mLER7W623AL0FXilaROSnRGtS9/HP MkAoVcMmuHnqsxSJlBwSUsqn5iQTM+Y1MYZlSxCGyQFpkX9DyxDGOqwVAhaSHC742URdbOozCbzDPaZS8X//OGCU6aQSqUThAUzw+hkFAcstyIrAy gY2EAkeXJgQpFOTMMEYygjPNMTLJ2qlkf3vL3q6R32fDchnd7VW81y2Yq5JSckQvikWvSIm3SIV3CiSZP5Jm8OI/Oq/PmvP+Mrjnlzgn5A+fjG/pY lj0=</latexit>
Gk
<latexit sha1_base64="v7nAim6GxPhR8kfGhGs6SAhT/kg=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRZc6LKCfUATymR6W4dOJsPMjVBCwa9wqyt34tZfceG/mMQstPWsDufcyz33hFoKi6776aysrq1vbFa2qt s7u3v7tYPDro0Tw6HDYxmbfsgsSKGggwIl9LUBFoUSeuH0Kvd7D2CsiNUdzjQEEZsoMRacYSb5fsTwPhyn1/PhdFiruw23AF0mXknqpER7WPvyRz FPIlDIJbN24Lkag5QZFFzCvOonFjTjUzaBQUYVi8AGaZF5Tk8TyzCmGgwVkhYi/N5IWWTtLAqzyTyjXfRy8T9vkOC4GaRC6QRB8fwQCgnFIcuNyMo AOhIGEFmeHKhQlDPDEMEIyjjPxCRrp5r14S1+v0y65w3PbXi3F/VWs2ymQo7JCTkjHrkkLXJD2qRDONHkiTyTF+fReXXenPef0RWn3Dkif+B8fAMF TZZE</latexit><latexit sha1_base64="v7nAim6GxPhR8kfGhGs6SAhT/kg=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRZc6LKCfUATymR6W4dOJsPMjVBCwa9wqyt34tZfceG/mMQstPWsDufcyz33hFoKi6776aysrq1vbFa2qt s7u3v7tYPDro0Tw6HDYxmbfsgsSKGggwIl9LUBFoUSeuH0Kvd7D2CsiNUdzjQEEZsoMRacYSb5fsTwPhyn1/PhdFiruw23AF0mXknqpER7WPvyRz FPIlDIJbN24Lkag5QZFFzCvOonFjTjUzaBQUYVi8AGaZF5Tk8TyzCmGgwVkhYi/N5IWWTtLAqzyTyjXfRy8T9vkOC4GaRC6QRB8fwQCgnFIcuNyMo AOhIGEFmeHKhQlDPDEMEIyjjPxCRrp5r14S1+v0y65w3PbXi3F/VWs2ymQo7JCTkjHrkkLXJD2qRDONHkiTyTF+fReXXenPef0RWn3Dkif+B8fAMF TZZE</latexit><latexit sha1_base64="v7nAim6GxPhR8kfGhGs6SAhT/kg=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRZc6LKCfUATymR6W4dOJsPMjVBCwa9wqyt34tZfceG/mMQstPWsDufcyz33hFoKi6776aysrq1vbFa2qt s7u3v7tYPDro0Tw6HDYxmbfsgsSKGggwIl9LUBFoUSeuH0Kvd7D2CsiNUdzjQEEZsoMRacYSb5fsTwPhyn1/PhdFiruw23AF0mXknqpER7WPvyRz FPIlDIJbN24Lkag5QZFFzCvOonFjTjUzaBQUYVi8AGaZF5Tk8TyzCmGgwVkhYi/N5IWWTtLAqzyTyjXfRy8T9vkOC4GaRC6QRB8fwQCgnFIcuNyMo AOhIGEFmeHKhQlDPDEMEIyjjPxCRrp5r14S1+v0y65w3PbXi3F/VWs2ymQo7JCTkjHrkkLXJD2qRDONHkiTyTF+fReXXenPef0RWn3Dkif+B8fAMF TZZE</latexit><latexit sha1_base64="v7nAim6GxPhR8kfGhGs6SAhT/kg=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRZc6LKCfUATymR6W4dOJsPMjVBCwa9wqyt34tZfceG/mMQstPWsDufcyz33hFoKi6776aysrq1vbFa2qt s7u3v7tYPDro0Tw6HDYxmbfsgsSKGggwIl9LUBFoUSeuH0Kvd7D2CsiNUdzjQEEZsoMRacYSb5fsTwPhyn1/PhdFiruw23AF0mXknqpER7WPvyRz FPIlDIJbN24Lkag5QZFFzCvOonFjTjUzaBQUYVi8AGaZF5Tk8TyzCmGgwVkhYi/N5IWWTtLAqzyTyjXfRy8T9vkOC4GaRC6QRB8fwQCgnFIcuNyMo AOhIGEFmeHKhQlDPDEMEIyjjPxCRrp5r14S1+v0y65w3PbXi3F/VWs2ymQo7JCTkjHrkkLXJD2qRDONHkiTyTF+fReXXenPef0RWn3Dkif+B8fAMF TZZE</latexit>
vec(·)
<latexit sha1_base64="tLRsEYuw3OBv864TFjPzEkqfBLo=">AAACB XicbVC7TsNAEDyHVwgvB0qaExFSaCIbIZEyEg1lkMhDiq3ofNmEU84P3a0DkZWar6CFig7R8h0U/Au2cQEJU41mdrWz40VSaLSsT6O0tr6xuVXeru zs7u0fmNXDrg5jxaHDQxmqvsc0SBFABwVK6EcKmO9J6HnTq8zvzUBpEQa3OI/A9dkkEGPBGabS0Kw6CA+YzIAv6g4fhXg2NGtWw8pBV4ldkBop0B 6aX84o5LEPAXLJtB7YVoRuwhQKLmFRcWINEeNTNoFBSgPmg3aTPPqCnsaaYUgjUFRImovweyNhvtZz30snfYZ3etnLxP+8QYzjppuIIIoRAp4dQiE hP6S5EmknQEdCASLLkgMVAeVMMURQgjLOUzFOS6qkfdjL36+S7nnDthr2zUWt1SyaKZNjckLqxCaXpEWuSZt0CCf35Ik8kxfj0Xg13oz3n9GSUewc kT8wPr4BM/GYfg==</latexit><latexit sha1_base64="tLRsEYuw3OBv864TFjPzEkqfBLo=">AAACB XicbVC7TsNAEDyHVwgvB0qaExFSaCIbIZEyEg1lkMhDiq3ofNmEU84P3a0DkZWar6CFig7R8h0U/Au2cQEJU41mdrWz40VSaLSsT6O0tr6xuVXeru zs7u0fmNXDrg5jxaHDQxmqvsc0SBFABwVK6EcKmO9J6HnTq8zvzUBpEQa3OI/A9dkkEGPBGabS0Kw6CA+YzIAv6g4fhXg2NGtWw8pBV4ldkBop0B 6aX84o5LEPAXLJtB7YVoRuwhQKLmFRcWINEeNTNoFBSgPmg3aTPPqCnsaaYUgjUFRImovweyNhvtZz30snfYZ3etnLxP+8QYzjppuIIIoRAp4dQiE hP6S5EmknQEdCASLLkgMVAeVMMURQgjLOUzFOS6qkfdjL36+S7nnDthr2zUWt1SyaKZNjckLqxCaXpEWuSZt0CCf35Ik8kxfj0Xg13oz3n9GSUewc kT8wPr4BM/GYfg==</latexit><latexit sha1_base64="tLRsEYuw3OBv864TFjPzEkqfBLo=">AAACB XicbVC7TsNAEDyHVwgvB0qaExFSaCIbIZEyEg1lkMhDiq3ofNmEU84P3a0DkZWar6CFig7R8h0U/Au2cQEJU41mdrWz40VSaLSsT6O0tr6xuVXeru zs7u0fmNXDrg5jxaHDQxmqvsc0SBFABwVK6EcKmO9J6HnTq8zvzUBpEQa3OI/A9dkkEGPBGabS0Kw6CA+YzIAv6g4fhXg2NGtWw8pBV4ldkBop0B 6aX84o5LEPAXLJtB7YVoRuwhQKLmFRcWINEeNTNoFBSgPmg3aTPPqCnsaaYUgjUFRImovweyNhvtZz30snfYZ3etnLxP+8QYzjppuIIIoRAp4dQiE hP6S5EmknQEdCASLLkgMVAeVMMURQgjLOUzFOS6qkfdjL36+S7nnDthr2zUWt1SyaKZNjckLqxCaXpEWuSZt0CCf35Ik8kxfj0Xg13oz3n9GSUewc kT8wPr4BM/GYfg==</latexit><latexit sha1_base64="tLRsEYuw3OBv864TFjPzEkqfBLo=">AAACB XicbVC7TsNAEDyHVwgvB0qaExFSaCIbIZEyEg1lkMhDiq3ofNmEU84P3a0DkZWar6CFig7R8h0U/Au2cQEJU41mdrWz40VSaLSsT6O0tr6xuVXeru zs7u0fmNXDrg5jxaHDQxmqvsc0SBFABwVK6EcKmO9J6HnTq8zvzUBpEQa3OI/A9dkkEGPBGabS0Kw6CA+YzIAv6g4fhXg2NGtWw8pBV4ldkBop0B 6aX84o5LEPAXLJtB7YVoRuwhQKLmFRcWINEeNTNoFBSgPmg3aTPPqCnsaaYUgjUFRImovweyNhvtZz30snfYZ3etnLxP+8QYzjppuIIIoRAp4dQiE hP6S5EmknQEdCASLLkgMVAeVMMURQgjLOUzFOS6qkfdjL36+S7nnDthr2zUWt1SyaKZNjckLqxCaXpEWuSZt0CCf35Ik8kxfj0Xg13oz3n9GSUewc kT8wPr4BM/GYfg==</latexit>
rk
<latexit sha1_base64="hRY8J7fXUY/N+sP6seLd7JaTJTs=">AAAB/ nicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+4AmlMn0tg6dTIaZG6GEgl/hVlfuxK2/4sJ/MYlZaOtZHc65l3vuCbUUFl3306msrW9sblW3az u7e/sH9cOjno0Tw6HLYxmbQcgsSKGgiwIlDLQBFoUS+uHsOvf7D2CsiNUdzjUEEZsqMRGcYSb5fsTwPpykZjGajeoNt+kWoKvEK0mDlOiM6l/+OO ZJBAq5ZNYOPVdjkDKDgktY1PzEgmZ8xqYwzKhiEdggLTIv6FliGcZUg6FC0kKE3xspi6ydR2E2mWe0y14u/ucNE5y0glQonSAonh9CIaE4ZLkRWRl Ax8IAIsuTAxWKcmYYIhhBGeeZmGTt1LI+vOXvV0nvoum5Te/2stFulc1UyQk5JefEI1ekTW5Ih3QJJ5o8kWfy4jw6r86b8/4zWnHKnWPyB87HN0jT lm8=</latexit><latexit sha1_base64="hRY8J7fXUY/N+sP6seLd7JaTJTs=">AAAB/ nicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+4AmlMn0tg6dTIaZG6GEgl/hVlfuxK2/4sJ/MYlZaOtZHc65l3vuCbUUFl3306msrW9sblW3az u7e/sH9cOjno0Tw6HLYxmbQcgsSKGgiwIlDLQBFoUS+uHsOvf7D2CsiNUdzjUEEZsqMRGcYSb5fsTwPpykZjGajeoNt+kWoKvEK0mDlOiM6l/+OO ZJBAq5ZNYOPVdjkDKDgktY1PzEgmZ8xqYwzKhiEdggLTIv6FliGcZUg6FC0kKE3xspi6ydR2E2mWe0y14u/ucNE5y0glQonSAonh9CIaE4ZLkRWRl Ax8IAIsuTAxWKcmYYIhhBGeeZmGTt1LI+vOXvV0nvoum5Te/2stFulc1UyQk5JefEI1ekTW5Ih3QJJ5o8kWfy4jw6r86b8/4zWnHKnWPyB87HN0jT lm8=</latexit><latexit sha1_base64="hRY8J7fXUY/N+sP6seLd7JaTJTs=">AAAB/ nicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+4AmlMn0tg6dTIaZG6GEgl/hVlfuxK2/4sJ/MYlZaOtZHc65l3vuCbUUFl3306msrW9sblW3az u7e/sH9cOjno0Tw6HLYxmbQcgsSKGgiwIlDLQBFoUS+uHsOvf7D2CsiNUdzjUEEZsqMRGcYSb5fsTwPpykZjGajeoNt+kWoKvEK0mDlOiM6l/+OO ZJBAq5ZNYOPVdjkDKDgktY1PzEgmZ8xqYwzKhiEdggLTIv6FliGcZUg6FC0kKE3xspi6ydR2E2mWe0y14u/ucNE5y0glQonSAonh9CIaE4ZLkRWRl Ax8IAIsuTAxWKcmYYIhhBGeeZmGTt1LI+vOXvV0nvoum5Te/2stFulc1UyQk5JefEI1ekTW5Ih3QJJ5o8kWfy4jw6r86b8/4zWnHKnWPyB87HN0jT lm8=</latexit><latexit sha1_base64="hRY8J7fXUY/N+sP6seLd7JaTJTs=">AAAB/ nicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+4AmlMn0tg6dTIaZG6GEgl/hVlfuxK2/4sJ/MYlZaOtZHc65l3vuCbUUFl3306msrW9sblW3az u7e/sH9cOjno0Tw6HLYxmbQcgsSKGgiwIlDLQBFoUS+uHsOvf7D2CsiNUdzjUEEZsqMRGcYSb5fsTwPpykZjGajeoNt+kWoKvEK0mDlOiM6l/+OO ZJBAq5ZNYOPVdjkDKDgktY1PzEgmZ8xqYwzKhiEdggLTIv6FliGcZUg6FC0kKE3xspi6ydR2E2mWe0y14u/ucNE5y0glQonSAonh9CIaE4ZLkRWRl Ax8IAIsuTAxWKcmYYIhhBGeeZmGTt1LI+vOXvV0nvoum5Te/2stFulc1UyQk5JefEI1ekTW5Ih3QJJ5o8kWfy4jw6r86b8/4zWnHKnWPyB87HN0jT lm8=</latexit>
Y˜k<latexit sha1_base64="pq+ezFv8AzR3W6Yd+fPQyjk4upo=">AAACC HicbVC7TsNAEDzzDOFlHh3NiQiJKrIREikj0VAGiTxQbFnnyyaccn7obo0ULP8AX0ELFR2i5S8o+Bds4wISphrN7Gpnx4+l0GhZn8bS8srq2npto7 65tb2za+7t93SUKA5dHslIDXymQYoQuihQwiBWwAJfQt+fXhZ+/x6UFlF4g7MY3IBNQjEWnGEueeahg0KOIHUChnf+OL3NMm/qmQ2raZWgi8SuSI NU6HjmlzOKeBJAiFwyrYe2FaObMoWCS8jqTqIhZnzKJjDMacgC0G5aps/oSaIZRjQGRYWkpQi/N1IWaD0L/HyyCKnnvUL8zxsmOG65qQjjBCHkxaH 8VygPaa5EXgvQkVCAyIrkQEVIOVMMEZSgjPNcTPKe6nkf9vz3i6R31rStpn193mi3qmZq5Igck1NikwvSJlekQ7qEkwfyRJ7Ji/FovBpvxvvP6JJR 7RyQPzA+vgFDaJo9</latexit><latexit sha1_base64="pq+ezFv8AzR3W6Yd+fPQyjk4upo=">AAACC HicbVC7TsNAEDzzDOFlHh3NiQiJKrIREikj0VAGiTxQbFnnyyaccn7obo0ULP8AX0ELFR2i5S8o+Bds4wISphrN7Gpnx4+l0GhZn8bS8srq2npto7 65tb2za+7t93SUKA5dHslIDXymQYoQuihQwiBWwAJfQt+fXhZ+/x6UFlF4g7MY3IBNQjEWnGEueeahg0KOIHUChnf+OL3NMm/qmQ2raZWgi8SuSI NU6HjmlzOKeBJAiFwyrYe2FaObMoWCS8jqTqIhZnzKJjDMacgC0G5aps/oSaIZRjQGRYWkpQi/N1IWaD0L/HyyCKnnvUL8zxsmOG65qQjjBCHkxaH 8VygPaa5EXgvQkVCAyIrkQEVIOVMMEZSgjPNcTPKe6nkf9vz3i6R31rStpn193mi3qmZq5Igck1NikwvSJlekQ7qEkwfyRJ7Ji/FovBpvxvvP6JJR 7RyQPzA+vgFDaJo9</latexit><latexit sha1_base64="pq+ezFv8AzR3W6Yd+fPQyjk4upo=">AAACC HicbVC7TsNAEDzzDOFlHh3NiQiJKrIREikj0VAGiTxQbFnnyyaccn7obo0ULP8AX0ELFR2i5S8o+Bds4wISphrN7Gpnx4+l0GhZn8bS8srq2npto7 65tb2za+7t93SUKA5dHslIDXymQYoQuihQwiBWwAJfQt+fXhZ+/x6UFlF4g7MY3IBNQjEWnGEueeahg0KOIHUChnf+OL3NMm/qmQ2raZWgi8SuSI NU6HjmlzOKeBJAiFwyrYe2FaObMoWCS8jqTqIhZnzKJjDMacgC0G5aps/oSaIZRjQGRYWkpQi/N1IWaD0L/HyyCKnnvUL8zxsmOG65qQjjBCHkxaH 8VygPaa5EXgvQkVCAyIrkQEVIOVMMEZSgjPNcTPKe6nkf9vz3i6R31rStpn193mi3qmZq5Igck1NikwvSJlekQ7qEkwfyRJ7Ji/FovBpvxvvP6JJR 7RyQPzA+vgFDaJo9</latexit><latexit sha1_base64="pq+ezFv8AzR3W6Yd+fPQyjk4upo=">AAACC HicbVC7TsNAEDzzDOFlHh3NiQiJKrIREikj0VAGiTxQbFnnyyaccn7obo0ULP8AX0ELFR2i5S8o+Bds4wISphrN7Gpnx4+l0GhZn8bS8srq2npto7 65tb2za+7t93SUKA5dHslIDXymQYoQuihQwiBWwAJfQt+fXhZ+/x6UFlF4g7MY3IBNQjEWnGEueeahg0KOIHUChnf+OL3NMm/qmQ2raZWgi8SuSI NU6HjmlzOKeBJAiFwyrYe2FaObMoWCS8jqTqIhZnzKJjDMacgC0G5aps/oSaIZRjQGRYWkpQi/N1IWaD0L/HyyCKnnvUL8zxsmOG65qQjjBCHkxaH 8VygPaa5EXgvQkVCAyIrkQEVIOVMMEZSgjPNcTPKe6nkf9vz3i6R31rStpn193mi3qmZq5Igck1NikwvSJlekQ7qEkwfyRJ7Ji/FovBpvxvvP6JJR 7RyQPzA+vgFDaJo9</latexit>Yk
<latexit sha1_base64="uhKq1wb V5PLUqGihqxZl8Zc+nB4=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAiuS iKCXRbcuKxgH9KEMpne1qGTyTBzI5RQ8Cvc6sqduPVXXPgvJjELbT2rw zn3cs89oZbCout+Oiura+sbm5Wt6vbO7t5+7eCwa+PEcOjwWMamHzILUi jooEAJfW2ARaGEXji9yv3eAxgrYnWLMw1BxCZKjAVnmEm+HzG8D8fp3X w4HdbqbsMtQJeJV5I6KdEe1r78UcyTCBRyyawdeK7GIGUGBZcwr/qJBc3 4lE1gkFHFIrBBWmSe09PEMoypBkOFpIUIvzdSFlk7i8JsMs9oF71c/M8 bJDhuBqlQOkFQPD+EQkJxyHIjsjKAjoQBRJYnByoU5cwwRDCCMs4zMcn aqWZ9eIvfL5PuecNzG97NRb3VLJupkGNyQs6IRy5Ji1yTNukQTjR5Is/k xXl0Xp035/1ndMUpd47IHzgf3yGRllY=</latexit><latexit sha1_base64="uhKq1wb V5PLUqGihqxZl8Zc+nB4=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAiuS iKCXRbcuKxgH9KEMpne1qGTyTBzI5RQ8Cvc6sqduPVXXPgvJjELbT2rw zn3cs89oZbCout+Oiura+sbm5Wt6vbO7t5+7eCwa+PEcOjwWMamHzILUi jooEAJfW2ARaGEXji9yv3eAxgrYnWLMw1BxCZKjAVnmEm+HzG8D8fp3X w4HdbqbsMtQJeJV5I6KdEe1r78UcyTCBRyyawdeK7GIGUGBZcwr/qJBc3 4lE1gkFHFIrBBWmSe09PEMoypBkOFpIUIvzdSFlk7i8JsMs9oF71c/M8 bJDhuBqlQOkFQPD+EQkJxyHIjsjKAjoQBRJYnByoU5cwwRDCCMs4zMcn aqWZ9eIvfL5PuecNzG97NRb3VLJupkGNyQs6IRy5Ji1yTNukQTjR5Is/k xXl0Xp035/1ndMUpd47IHzgf3yGRllY=</latexit><latexit sha1_base64="uhKq1wb V5PLUqGihqxZl8Zc+nB4=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAiuS iKCXRbcuKxgH9KEMpne1qGTyTBzI5RQ8Cvc6sqduPVXXPgvJjELbT2rw zn3cs89oZbCout+Oiura+sbm5Wt6vbO7t5+7eCwa+PEcOjwWMamHzILUi jooEAJfW2ARaGEXji9yv3eAxgrYnWLMw1BxCZKjAVnmEm+HzG8D8fp3X w4HdbqbsMtQJeJV5I6KdEe1r78UcyTCBRyyawdeK7GIGUGBZcwr/qJBc3 4lE1gkFHFIrBBWmSe09PEMoypBkOFpIUIvzdSFlk7i8JsMs9oF71c/M8 bJDhuBqlQOkFQPD+EQkJxyHIjsjKAjoQBRJYnByoU5cwwRDCCMs4zMcn aqWZ9eIvfL5PuecNzG97NRb3VLJupkGNyQs6IRy5Ji1yTNukQTjR5Is/k xXl0Xp035/1ndMUpd47IHzgf3yGRllY=</latexit><latexit sha1_base64="uhKq1wb V5PLUqGihqxZl8Zc+nB4=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAiuS iKCXRbcuKxgH9KEMpne1qGTyTBzI5RQ8Cvc6sqduPVXXPgvJjELbT2rw zn3cs89oZbCout+Oiura+sbm5Wt6vbO7t5+7eCwa+PEcOjwWMamHzILUi jooEAJfW2ARaGEXji9yv3eAxgrYnWLMw1BxCZKjAVnmEm+HzG8D8fp3X w4HdbqbsMtQJeJV5I6KdEe1r78UcyTCBRyyawdeK7GIGUGBZcwr/qJBc3 4lE1gkFHFIrBBWmSe09PEMoypBkOFpIUIvzdSFlk7i8JsMs9oF71c/M8 bJDhuBqlQOkFQPD+EQkJxyHIjsjKAjoQBRJYnByoU5cwwRDCCMs4zMcn aqWZ9eIvfL5PuecNzG97NRb3VLJupkGNyQs6IRy5Ji1yTNukQTjR5Is/k xXl0Xp035/1ndMUpd47IHzgf3yGRllY=</latexit>
R˜k<latexit sha1_base64="82rsO0VZLnPUf3LITPsqfeSY3qU=">AAACC HicbVC7TsNAEDzzDOFlHh3NiQiJKrIREikj0VAGRB5SbFnnyyaccn7obo0ULP8AX0ELFR2i5S8o+Bds4wISphrN7Gpnx4+l0GhZn8bS8srq2npto7 65tb2za+7t93SUKA5dHslIDXymQYoQuihQwiBWwAJfQt+fXhZ+/x6UFlF4i7MY3IBNQjEWnGEueeahg0KOIHUChnf+OL3JMm/qmQ2raZWgi8SuSI NU6HjmlzOKeBJAiFwyrYe2FaObMoWCS8jqTqIhZnzKJjDMacgC0G5aps/oSaIZRjQGRYWkpQi/N1IWaD0L/HyyCKnnvUL8zxsmOG65qQjjBCHkxaH 8VygPaa5EXgvQkVCAyIrkQEVIOVMMEZSgjPNcTPKe6nkf9vz3i6R31rStpn193mi3qmZq5Igck1NikwvSJlekQ7qEkwfyRJ7Ji/FovBpvxvvP6JJR 7RyQPzA+vgE4Y5o2</latexit><latexit sha1_base64="82rsO0VZLnPUf3LITPsqfeSY3qU=">AAACC HicbVC7TsNAEDzzDOFlHh3NiQiJKrIREikj0VAGRB5SbFnnyyaccn7obo0ULP8AX0ELFR2i5S8o+Bds4wISphrN7Gpnx4+l0GhZn8bS8srq2npto7 65tb2za+7t93SUKA5dHslIDXymQYoQuihQwiBWwAJfQt+fXhZ+/x6UFlF4i7MY3IBNQjEWnGEueeahg0KOIHUChnf+OL3JMm/qmQ2raZWgi8SuSI NU6HjmlzOKeBJAiFwyrYe2FaObMoWCS8jqTqIhZnzKJjDMacgC0G5aps/oSaIZRjQGRYWkpQi/N1IWaD0L/HyyCKnnvUL8zxsmOG65qQjjBCHkxaH 8VygPaa5EXgvQkVCAyIrkQEVIOVMMEZSgjPNcTPKe6nkf9vz3i6R31rStpn193mi3qmZq5Igck1NikwvSJlekQ7qEkwfyRJ7Ji/FovBpvxvvP6JJR 7RyQPzA+vgE4Y5o2</latexit><latexit sha1_base64="82rsO0VZLnPUf3LITPsqfeSY3qU=">AAACC HicbVC7TsNAEDzzDOFlHh3NiQiJKrIREikj0VAGRB5SbFnnyyaccn7obo0ULP8AX0ELFR2i5S8o+Bds4wISphrN7Gpnx4+l0GhZn8bS8srq2npto7 65tb2za+7t93SUKA5dHslIDXymQYoQuihQwiBWwAJfQt+fXhZ+/x6UFlF4i7MY3IBNQjEWnGEueeahg0KOIHUChnf+OL3JMm/qmQ2raZWgi8SuSI NU6HjmlzOKeBJAiFwyrYe2FaObMoWCS8jqTqIhZnzKJjDMacgC0G5aps/oSaIZRjQGRYWkpQi/N1IWaD0L/HyyCKnnvUL8zxsmOG65qQjjBCHkxaH 8VygPaa5EXgvQkVCAyIrkQEVIOVMMEZSgjPNcTPKe6nkf9vz3i6R31rStpn193mi3qmZq5Igck1NikwvSJlekQ7qEkwfyRJ7Ji/FovBpvxvvP6JJR 7RyQPzA+vgE4Y5o2</latexit><latexit sha1_base64="82rsO0VZLnPUf3LITPsqfeSY3qU=">AAACC HicbVC7TsNAEDzzDOFlHh3NiQiJKrIREikj0VAGRB5SbFnnyyaccn7obo0ULP8AX0ELFR2i5S8o+Bds4wISphrN7Gpnx4+l0GhZn8bS8srq2npto7 65tb2za+7t93SUKA5dHslIDXymQYoQuihQwiBWwAJfQt+fXhZ+/x6UFlF4i7MY3IBNQjEWnGEueeahg0KOIHUChnf+OL3JMm/qmQ2raZWgi8SuSI NU6HjmlzOKeBJAiFwyrYe2FaObMoWCS8jqTqIhZnzKJjDMacgC0G5aps/oSaIZRjQGRYWkpQi/N1IWaD0L/HyyCKnnvUL8zxsmOG65qQjjBCHkxaH 8VygPaa5EXgvQkVCAyIrkQEVIOVMMEZSgjPNcTPKe6nkf9vz3i6R31rStpn193mi3qmZq5Igck1NikwvSJlekQ7qEkwfyRJ7Ji/FovBpvxvvP6JJR 7RyQPzA+vgE4Y5o2</latexit>
W˜k<latexit sha1_base64="3xb6rF15bjcvO//UZlNWiVOTJ7I=">AAACC HicbVC7TsNAEDyHVwgv8+hoTkRIVJGNkEgZiYYySOQhxZZ1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BNi4gYarRzK52dvxYCo2W9WnUVlbX1jfqm4 2t7Z3dPXP/oK+jRHHo8UhGaugzDVKE0EOBEoaxAhb4Egb+7KrwB/egtIjCW5zH4AZsGoqJ4AxzyTOPHBRyDKkTMLzzJ+kgy7yZZzatllWCLhO7Ik 1SoeuZX8444kkAIXLJtB7ZVoxuyhQKLiFrOImGmPEZm8IopyELQLtpmT6jp4lmGNEYFBWSliL83khZoPU88PPJIqRe9ArxP2+U4KTtpiKME4SQF4f yX6E8pLkSeS1Ax0IBIiuSAxUh5UwxRFCCMs5zMcl7auR92IvfL5P+ecu2WvbNRbPTrpqpk2NyQs6ITS5Jh1yTLukRTh7IE3kmL8aj8Wq8Ge8/ozWj 2jkkf2B8fANAQpo7</latexit><latexit sha1_base64="3xb6rF15bjcvO//UZlNWiVOTJ7I=">AAACC HicbVC7TsNAEDyHVwgv8+hoTkRIVJGNkEgZiYYySOQhxZZ1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BNi4gYarRzK52dvxYCo2W9WnUVlbX1jfqm4 2t7Z3dPXP/oK+jRHHo8UhGaugzDVKE0EOBEoaxAhb4Egb+7KrwB/egtIjCW5zH4AZsGoqJ4AxzyTOPHBRyDKkTMLzzJ+kgy7yZZzatllWCLhO7Ik 1SoeuZX8444kkAIXLJtB7ZVoxuyhQKLiFrOImGmPEZm8IopyELQLtpmT6jp4lmGNEYFBWSliL83khZoPU88PPJIqRe9ArxP2+U4KTtpiKME4SQF4f yX6E8pLkSeS1Ax0IBIiuSAxUh5UwxRFCCMs5zMcl7auR92IvfL5P+ecu2WvbNRbPTrpqpk2NyQs6ITS5Jh1yTLukRTh7IE3kmL8aj8Wq8Ge8/ozWj 2jkkf2B8fANAQpo7</latexit><latexit sha1_base64="3xb6rF15bjcvO//UZlNWiVOTJ7I=">AAACC HicbVC7TsNAEDyHVwgv8+hoTkRIVJGNkEgZiYYySOQhxZZ1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BNi4gYarRzK52dvxYCo2W9WnUVlbX1jfqm4 2t7Z3dPXP/oK+jRHHo8UhGaugzDVKE0EOBEoaxAhb4Egb+7KrwB/egtIjCW5zH4AZsGoqJ4AxzyTOPHBRyDKkTMLzzJ+kgy7yZZzatllWCLhO7Ik 1SoeuZX8444kkAIXLJtB7ZVoxuyhQKLiFrOImGmPEZm8IopyELQLtpmT6jp4lmGNEYFBWSliL83khZoPU88PPJIqRe9ArxP2+U4KTtpiKME4SQF4f yX6E8pLkSeS1Ax0IBIiuSAxUh5UwxRFCCMs5zMcl7auR92IvfL5P+ecu2WvbNRbPTrpqpk2NyQs6ITS5Jh1yTLukRTh7IE3kmL8aj8Wq8Ge8/ozWj 2jkkf2B8fANAQpo7</latexit><latexit sha1_base64="3xb6rF15bjcvO//UZlNWiVOTJ7I=">AAACC HicbVC7TsNAEDyHVwgv8+hoTkRIVJGNkEgZiYYySOQhxZZ1vmzCKeeH7tZIwfIP8BW0UNEhWv6Cgn/BNi4gYarRzK52dvxYCo2W9WnUVlbX1jfqm4 2t7Z3dPXP/oK+jRHHo8UhGaugzDVKE0EOBEoaxAhb4Egb+7KrwB/egtIjCW5zH4AZsGoqJ4AxzyTOPHBRyDKkTMLzzJ+kgy7yZZzatllWCLhO7Ik 1SoeuZX8444kkAIXLJtB7ZVoxuyhQKLiFrOImGmPEZm8IopyELQLtpmT6jp4lmGNEYFBWSliL83khZoPU88PPJIqRe9ArxP2+U4KTtpiKME4SQF4f yX6E8pLkSeS1Ax0IBIiuSAxUh5UwxRFCCMs5zMcl7auR92IvfL5P+ecu2WvbNRbPTrpqpk2NyQs6ITS5Jh1yTLukRTh7IE3kmL8aj8Wq8Ge8/ozWj 2jkkf2B8fANAQpo7</latexit>
Rk
<latexit sha1_base64="Vwz5vWpITCcFZzWrbxTYfObOSD0=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRbcuKxiH9CEMpne1qGTyTBzI5RQ8Cvc6sqduPVXXPgvJjELbT2rwzn3cs89oZbCout+Oiura+sbm5Wt6v bO7t5+7eCwa+PEcOjwWMamHzILUijooEAJfW2ARaGEXji9yv3eAxgrYnWHMw1BxCZKjAVnmEm+HzG8D8fp7Xw4HdbqbsMtQJeJV5I6KdEe1r78Uc yTCBRyyawdeK7GIGUGBZcwr/qJBc34lE1gkFHFIrBBWmSe09PEMoypBkOFpIUIvzdSFlk7i8JsMs9oF71c/M8bJDhuBqlQOkFQPD+EQkJxyHIjsjK AjoQBRJYnByoU5cwwRDCCMs4zMcnaqWZ9eIvfL5PuecNzG97NRb3VLJupkGNyQs6IRy5Ji1yTNukQTjR5Is/kxXl0Xp035/1ndMUpd47IHzgf3xaT lk8=</latexit><latexit sha1_base64="Vwz5vWpITCcFZzWrbxTYfObOSD0=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRbcuKxiH9CEMpne1qGTyTBzI5RQ8Cvc6sqduPVXXPgvJjELbT2rwzn3cs89oZbCout+Oiura+sbm5Wt6v bO7t5+7eCwa+PEcOjwWMamHzILUijooEAJfW2ARaGEXji9yv3eAxgrYnWHMw1BxCZKjAVnmEm+HzG8D8fp7Xw4HdbqbsMtQJeJV5I6KdEe1r78Uc yTCBRyyawdeK7GIGUGBZcwr/qJBc34lE1gkFHFIrBBWmSe09PEMoypBkOFpIUIvzdSFlk7i8JsMs9oF71c/M8bJDhuBqlQOkFQPD+EQkJxyHIjsjK AjoQBRJYnByoU5cwwRDCCMs4zMcnaqWZ9eIvfL5PuecNzG97NRb3VLJupkGNyQs6IRy5Ji1yTNukQTjR5Is/kxXl0Xp035/1ndMUpd47IHzgf3xaT lk8=</latexit><latexit sha1_base64="Vwz5vWpITCcFZzWrbxTYfObOSD0=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRbcuKxiH9CEMpne1qGTyTBzI5RQ8Cvc6sqduPVXXPgvJjELbT2rwzn3cs89oZbCout+Oiura+sbm5Wt6v bO7t5+7eCwa+PEcOjwWMamHzILUijooEAJfW2ARaGEXji9yv3eAxgrYnWHMw1BxCZKjAVnmEm+HzG8D8fp7Xw4HdbqbsMtQJeJV5I6KdEe1r78Uc yTCBRyyawdeK7GIGUGBZcwr/qJBc34lE1gkFHFIrBBWmSe09PEMoypBkOFpIUIvzdSFlk7i8JsMs9oF71c/M8bJDhuBqlQOkFQPD+EQkJxyHIjsjK AjoQBRJYnByoU5cwwRDCCMs4zMcnaqWZ9eIvfL5PuecNzG97NRb3VLJupkGNyQs6IRy5Ji1yTNukQTjR5Is/kxXl0Xp035/1ndMUpd47IHzgf3xaT lk8=</latexit><latexit sha1_base64="Vwz5vWpITCcFZzWrbxTYfObOSD0=">AAAB/ nicbVDLSsNAFJ34rPVVdelmsAiuSiKCXRbcuKxiH9CEMpne1qGTyTBzI5RQ8Cvc6sqduPVXXPgvJjELbT2rwzn3cs89oZbCout+Oiura+sbm5Wt6v bO7t5+7eCwa+PEcOjwWMamHzILUijooEAJfW2ARaGEXji9yv3eAxgrYnWHMw1BxCZKjAVnmEm+HzG8D8fp7Xw4HdbqbsMtQJeJV5I6KdEe1r78Uc yTCBRyyawdeK7GIGUGBZcwr/qJBc34lE1gkFHFIrBBWmSe09PEMoypBkOFpIUIvzdSFlk7i8JsMs9oF71c/M8bJDhuBqlQOkFQPD+EQkJxyHIjsjK AjoQBRJYnByoU5cwwRDCCMs4zMcnaqWZ9eIvfL5PuecNzG97NRb3VLJupkGNyQs6IRy5Ji1yTNukQTjR5Is/kxXl0Xp035/1ndMUpd47IHzgf3xaT lk8=</latexit>
EN
<latexit sha1_b ase64="EUJyf4aC3/2FVWGYtWw+y M9+f9s=">AAAB+3icbVDLSsNAFJ3 4rPVVdelmsAiuSiKCXRZEcCUV7EP aUibT2zp0ZhJmbsQS8hVudeVO3Po xLvwXk5iFtp7V4Zx7ueceP5TCout+ OkvLK6tr66WN8ubW9s5uZW+/bYPI cGjxQAam6zMLUmhooUAJ3dAAU76E jj+9yPzOAxgrAn2LsxAGik20GAvO MJXu+giPGF9eJ8NK1a25Oegi8QpS JQWaw8pXfxTwSIFGLpm1Pc8NcRAzg 4JLSMr9yELI+JRNoJdSzRTYQZwHT uhxZBkGNARDhaS5CL83YqasnSk/n VQM7+28l4n/eb0Ix/VBLHQYIWieH UIhIT9kuRFpE0BHwgAiy5IDFZpyZ hgiGEEZ56kYpdWU0z68+e8XSfu05 rk17+as2qgXzZTIITkiJ8Qj56RBrk iTtAgnijyRZ/LiJM6r8+a8/4wuOc XOAfkD5+MbuHiU+w==</latexit><latexit sha1_b ase64="EUJyf4aC3/2FVWGYtWw+y M9+f9s=">AAAB+3icbVDLSsNAFJ3 4rPVVdelmsAiuSiKCXRZEcCUV7EP aUibT2zp0ZhJmbsQS8hVudeVO3Po xLvwXk5iFtp7V4Zx7ueceP5TCout+ OkvLK6tr66WN8ubW9s5uZW+/bYPI cGjxQAam6zMLUmhooUAJ3dAAU76E jj+9yPzOAxgrAn2LsxAGik20GAvO MJXu+giPGF9eJ8NK1a25Oegi8QpS JQWaw8pXfxTwSIFGLpm1Pc8NcRAzg 4JLSMr9yELI+JRNoJdSzRTYQZwHT uhxZBkGNARDhaS5CL83YqasnSk/n VQM7+28l4n/eb0Ix/VBLHQYIWieH UIhIT9kuRFpE0BHwgAiy5IDFZpyZ hgiGEEZ56kYpdWU0z68+e8XSfu05 rk17+as2qgXzZTIITkiJ8Qj56RBrk iTtAgnijyRZ/LiJM6r8+a8/4wuOc XOAfkD5+MbuHiU+w==</latexit><latexit sha1_b ase64="EUJyf4aC3/2FVWGYtWw+y M9+f9s=">AAAB+3icbVDLSsNAFJ3 4rPVVdelmsAiuSiKCXRZEcCUV7EP aUibT2zp0ZhJmbsQS8hVudeVO3Po xLvwXk5iFtp7V4Zx7ueceP5TCout+ OkvLK6tr66WN8ubW9s5uZW+/bYPI cGjxQAam6zMLUmhooUAJ3dAAU76E jj+9yPzOAxgrAn2LsxAGik20GAvO MJXu+giPGF9eJ8NK1a25Oegi8QpS JQWaw8pXfxTwSIFGLpm1Pc8NcRAzg 4JLSMr9yELI+JRNoJdSzRTYQZwHT uhxZBkGNARDhaS5CL83YqasnSk/n VQM7+28l4n/eb0Ix/VBLHQYIWieH UIhIT9kuRFpE0BHwgAiy5IDFZpyZ hgiGEEZ56kYpdWU0z68+e8XSfu05 rk17+as2qgXzZTIITkiJ8Qj56RBrk iTtAgnijyRZ/LiJM6r8+a8/4wuOc XOAfkD5+MbuHiU+w==</latexit><latexit sha1_b ase64="EUJyf4aC3/2FVWGYtWw+y M9+f9s=">AAAB+3icbVDLSsNAFJ3 4rPVVdelmsAiuSiKCXRZEcCUV7EP aUibT2zp0ZhJmbsQS8hVudeVO3Po xLvwXk5iFtp7V4Zx7ueceP5TCout+ OkvLK6tr66WN8ubW9s5uZW+/bYPI cGjxQAam6zMLUmhooUAJ3dAAU76E jj+9yPzOAxgrAn2LsxAGik20GAvO MJXu+giPGF9eJ8NK1a25Oegi8QpS JQWaw8pXfxTwSIFGLpm1Pc8NcRAzg 4JLSMr9yELI+JRNoJdSzRTYQZwHT uhxZBkGNARDhaS5CL83YqasnSk/n VQM7+28l4n/eb0Ix/VBLHQYIWieH UIhIT9kuRFpE0BHwgAiy5IDFZpyZ hgiGEEZ56kYpdWU0z68+e8XSfu05 rk17+as2qgXzZTIITkiJ8Qj56RBrk iTtAgnijyRZ/LiJM6r8+a8/4wuOc XOAfkD5+MbuHiU+w==</latexit>
Analog EN processing
<latexit sha1_base64="ZPgD/0q uCM4SEHPbcimJxVhHzNs=">AAACEHicbVDLSgNBEJyNrxhfUY96GAyCp 7ArgjlGRPAkEcwDkhB6J504ZHZ2mekVw5KLn+BXeNWTN/HqH3jwX9zEH DSxTkVVN91VfqSkJdf9dDILi0vLK9nV3Nr6xuZWfnunZsPYCKyKUIWm4Y NFJTVWSZLCRmQQAl9h3R+cj/36HRorQ31DwwjbAfS17EkBlEqd/H6L8J 6SMw0q7POLKx6ZUKC1Uvf5qJMvuEV3Aj5PvCkpsCkqnfxXqxuKOEBNQoG 1Tc+NqJ2AISkUjnKt2GIEYgB9bKZUQ4C2nUxSjPhhbIFCHqHhUvGJiL8 3EgisHQZ+OhkA3dpZbyz+5zVj6pXaidRRTKjF+BBJhZNDVhiZ1oO8Kw0 Swfhz5FJzAQaI0EgOQqRinPaVS/vwZtPPk9px0XOL3vVJoVyaNpNle+yA HTGPnbIyu2QVVmWCPbAn9sxenEfn1Xlz3n9GM850Z5f9gfPxDUTsnNk= </latexit><latexit sha1_base64="ZPgD/0q uCM4SEHPbcimJxVhHzNs=">AAACEHicbVDLSgNBEJyNrxhfUY96GAyCp 7ArgjlGRPAkEcwDkhB6J504ZHZ2mekVw5KLn+BXeNWTN/HqH3jwX9zEH DSxTkVVN91VfqSkJdf9dDILi0vLK9nV3Nr6xuZWfnunZsPYCKyKUIWm4Y NFJTVWSZLCRmQQAl9h3R+cj/36HRorQ31DwwjbAfS17EkBlEqd/H6L8J 6SMw0q7POLKx6ZUKC1Uvf5qJMvuEV3Aj5PvCkpsCkqnfxXqxuKOEBNQoG 1Tc+NqJ2AISkUjnKt2GIEYgB9bKZUQ4C2nUxSjPhhbIFCHqHhUvGJiL8 3EgisHQZ+OhkA3dpZbyz+5zVj6pXaidRRTKjF+BBJhZNDVhiZ1oO8Kw0 Swfhz5FJzAQaI0EgOQqRinPaVS/vwZtPPk9px0XOL3vVJoVyaNpNle+yA HTGPnbIyu2QVVmWCPbAn9sxenEfn1Xlz3n9GM850Z5f9gfPxDUTsnNk= </latexit><latexit sha1_base64="ZPgD/0q uCM4SEHPbcimJxVhHzNs=">AAACEHicbVDLSgNBEJyNrxhfUY96GAyCp 7ArgjlGRPAkEcwDkhB6J504ZHZ2mekVw5KLn+BXeNWTN/HqH3jwX9zEH DSxTkVVN91VfqSkJdf9dDILi0vLK9nV3Nr6xuZWfnunZsPYCKyKUIWm4Y NFJTVWSZLCRmQQAl9h3R+cj/36HRorQ31DwwjbAfS17EkBlEqd/H6L8J 6SMw0q7POLKx6ZUKC1Uvf5qJMvuEV3Aj5PvCkpsCkqnfxXqxuKOEBNQoG 1Tc+NqJ2AISkUjnKt2GIEYgB9bKZUQ4C2nUxSjPhhbIFCHqHhUvGJiL8 3EgisHQZ+OhkA3dpZbyz+5zVj6pXaidRRTKjF+BBJhZNDVhiZ1oO8Kw0 Swfhz5FJzAQaI0EgOQqRinPaVS/vwZtPPk9px0XOL3vVJoVyaNpNle+yA HTGPnbIyu2QVVmWCPbAn9sxenEfn1Xlz3n9GM850Z5f9gfPxDUTsnNk= </latexit><latexit sha1_base64="ZPgD/0q uCM4SEHPbcimJxVhHzNs=">AAACEHicbVDLSgNBEJyNrxhfUY96GAyCp 7ArgjlGRPAkEcwDkhB6J504ZHZ2mekVw5KLn+BXeNWTN/HqH3jwX9zEH DSxTkVVN91VfqSkJdf9dDILi0vLK9nV3Nr6xuZWfnunZsPYCKyKUIWm4Y NFJTVWSZLCRmQQAl9h3R+cj/36HRorQ31DwwjbAfS17EkBlEqd/H6L8J 6SMw0q7POLKx6ZUKC1Uvf5qJMvuEV3Aj5PvCkpsCkqnfxXqxuKOEBNQoG 1Tc+NqJ2AISkUjnKt2GIEYgB9bKZUQ4C2nUxSjPhhbIFCHqHhUvGJiL8 3EgisHQZ+OhkA3dpZbyz+5zVj6pXaidRRTKjF+BBJhZNDVhiZ1oO8Kw0 Swfhz5FJzAQaI0EgOQqRinPaVS/vwZtPPk9px0XOL3vVJoVyaNpNle+yA HTGPnbIyu2QVVmWCPbAn9sxenEfn1Xlz3n9GM850Z5f9gfPxDUTsnNk= </latexit>
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Fig. 6. Relationship between the signal rk (21) obtained at the output of the combiner and the radio received signal yk in (15).
The relationship between the signal rk (21) obtained at the output of the combiner and the
radio received signal yk in (15) is summarized by the block-scheme in Figure 6, and it is
rk = vec
[((
vec−11
µ
(yk)⊗ 1Tη
)
Hc + W˜k
)
Gk
]
. (22)
Finally, we collect the overall signal R ∈ CnF×M received at the BBU from all ENs across
all frequencies in the matrix
R = [r1, r2, ..., rM ]. (23)
After some algebraic manipulations, it is possible to express Equation (23) in a more compact
form, which is reported in the following Lemma 1.
Lemma 1. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth
amplification factor η ≥ 1, the signal R ∈ CnF×M received at the BBU from all ENs across all
radio frequencies after MRC can be written as
R = (Hηc ⊗ IlF ) Y + W, (24)
where
Hηc = γη1 1
µ
1T1
µ
+ (1− γ)I 1
µ
(25)
is the equivalent fronthaul channel matrix; Y is the signal received at all ENs across all frequency
radio channels in (5); and W = [w1,w2, ...,wM ] is the equivalent cable noise at the BBU after
MRC, with the k-th column distributed as wk ∼ CN
(
0, 1
η
InF
)
for all k = 1, 2, ...,M .
Proof. see Appendix A.
To gain some insights, it is useful again to consider the two extreme cases of maximum
redundancy, i.e., η = lS , and no redundancy, i.e., η = 1. In the former case, the equivalent
channel (25) equals the scalar Hηc = 1 + γ(lS − 1). This demonstrates the effect of transmitting
a replica of the whole radio signal over all pairs. In fact, the useful signal is received at the
BBU not only through the direct path, which has unit gain, but also from the remaining lS − 1
interfering paths, each with gain γ, which constructively contribute to the overall SNR after
the combiner. More precisely, it can be observed that, in case of full redundancy, the SNR
of the radio signal Y at the BBU is increased by the analog fronthaul links by a factor of
(1 + γ(lS − 1))2/(1/η) = lS(1 + γ(lS − 1))2. As a result, in this case, for a coupling factor
γ > 0, the SNR at the BBU increases with the cube of the number of fronthaul links lS . In
contrast, for µ = 1/lS , the equivalent fronthaul channel reflects the fact that signals forwarded
over the different pairs interfere with each other, and is equal to Hηc = Hc. The beneficial effect
of redundantly transmitting radio signals over different pairs is reflected also in the power of the
noise after the combiner, which is reduced proportionally to the bandwidth amplification factor
η.
C. Fronthaul Power Constraints
To enforce the cable power constraints in (11), it is necessary to scale the radio signal Y in
(24) by a factor of λ prior to the transmission over the fronthaul. This is given as
λ =
√
Pc
δPB(1 + 2α2) + 1
, (26)
where δ is equal to δ =
(
1− L−1U
)−1 for OMA, accounting for the fact that only LU−1 minislots
are devoted to the eMBB UE, while it equals δ = 1 for NOMA, since the eMBB transmission
spreads over all LU minislots. To simplify the notation, in the following we will account for the
gain λ by scaling the noise over the cable after MRC in Equation (25) accordingly as
wk(t) ∼ CN
(
0,
1
ηλ2
I
)
. (27)
IV. ORTHOGONAL MULTIPLE ACCESS (OMA)
As described in Section II-A, under OMA over the radio channel, one minislot every LU is
exclusively allocated to URLLC UEs, while eMBB UEs transmit over the remaining minislots.
In this way, URLLC UEs never interfere with eMBB transmissions. If more than one URLLC
packet is generated at a user between two URLLC transmission opportunities, only one of such
ENk
ENM
…
a
b
URLLC	
decodingADC
A/A
cable
mapping … eMBB
decoding
BBU	Pool
M wired
fronthaul links
yk(t)
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Fig. 7. Block diagram of the operation of the ENs and BBU for Orthogonal Multiple Access (OMA). A/A stands for Analog-
to-Analog.
packets (randomly selected) is transmitted, while the others are discarded, causing a blockage
error. Due to the latency constraints, URLLC signals are digitized and decoded locally at the
ENs, while the eMB signals are first mapped over the fronthaul lines, and then analogically
forwarded to the BBU, as mathematically summarized in Figure 7. In this section, we derive the
expressions for the eMBB and URLLC rates under OMA for a given URLLC access latency
LU and, in the case of URLLC, for a fixed URLLC target error probability U .
A. URLLC Rate
To evaluate the per-UE URLLC rate under OMA and for a given URLLC target error proba-
bility U , we follow the approach in [32], which is reviewed here. URLLC packets are generally
short due to the strict latency constraints, and the maximum achievable rate can be computed by
leveraging results from finite blocklength information theory. To this end, fix a given blocklength
nF and URLLC error decoding probability DU . Notice that this probability is different from the
general URLLC target error probability U , as detailed later in this section. According to [40],
the URLLC rate can be well approximated by
RU = log2(1 + β
2PU)−
√
V
nF
Q−1(DU ), (28)
where
V =
β2PU
1 + β2PU
(29)
is the channel dispersion and Q−1(·) is the inverse Q-function (see Section I-E).
The error probability for URLLC packets is the sum of two contributions. The first represents
the probability that an URLLC packet is discarded due to blockage, given that only one URLLC
packet can be transmitted within the required LU worst-case latency; while the second is the
probability that the packet is transmitted but not successfully decoded. Accordingly, the overall
error probability can be computed as
Pr[EU ] =
LU−1∑
n
p(n)
n
n+ 1
+
LU−1∑
n
p(n)
1
n+ 1
DU , (30)
where p(n) = Pr[NU(LU) = n] is the distribution of the binomial random variable NU(LU) ∼
Bin(LU−1, q) representing the number of additional packets generated by the URLLC UE during
the remaining minislots between two transmission opportunities. The decoding error probability
DU in (28) can be obtained from the URLLC reliability constraint in (13), i.e., Pr[EU ] = U .
B. eMBB Rate
The eMBB signals received at the ENs are forwarded over the analog fronthaul to the BBU,
where centralized digital signal processing and decoding are performed. In the case of OMA,
the eMBB signal is free from URLLC interference, hence signal Y received by all ENs over all
radio channels in (5) can be written as
Y = XH + Z. (31)
By substituting (31) in (24), it is possible to compute the expression for the eMBB per-UE rate
under OMA, as shown in Lemma 2. Notice that, unlike the case of URLLC packets, the nFnT
blocklength of eMBB packets allows for the use of standard asymptotic Shannon theory in the
computation of eMBB information rate.
Lemma 2. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth
amplification factor η ≥ 1, the eMBB user rate under OMA is given as
RB = µ
1− L−1U
M
log
(
det
(
I + P¯BR
−1
zeq HeqH
T
eq
))
, (32)
where P¯B = PB
(
1− L−1U
) −1 is the transmission power of eMBB users under OMA, Heq =
H⊗Hηc is the overall channel matrix comprising both the radio channel H and the equivalent
cable channel Hηc defined in Lemma 1, and Rzeq = IM ⊗HηcHηc + 1λ2ηIMµ is the overall wireless
plus cable noise at the BBU.
Proof. see Appendix. B.
As a first observation, the eMBB rate (32) linearly scales with the normalized bandwidth
µ. This shows that a potential performance degradation in terms of spectral efficiency can be
incurred in the presence of fronthaul channels with bandwidth limitations, i.e., with µ < 1. This
loss is pronounced in the presence of significant inter-channel interference, i.e., for large γ. In
fact, a large γ increases the effective noise power as per expression of matrix Rzeq . It is also
important to point out that in the considered C-RAN system based on the analog relaying of
radio signals, the overall noise at the BBU is no longer white as it accounts both for the white
cable noise and the wireless noise, where the latter is correlated when there is some bandwidth
redundancy, i.e., when µ ≥ 1/lS or η > 1.
V. NON-ORTHOGONAL MULTIPLE ACCESS (NOMA)
In NOMA, URLLC UEs transmit in the same minislot where the packet is generated, and
hence the access latency is minimal and limited to LU = 1 minislot. However, the URLLC
signals mutually interfere with the eMBB transmission, which spans the whole time-frequency
resource plane. Due to URLLC latency constraints, the eMBB signals necessarily need to be
treated as noise while decoding URLLC packets at the ENs. On the contrary, several strategies
can be adapted in order to deal with the interfering URLLC signal. Beside puncturing, considered
for 5G NR standardization [33], [34], this work considers two other techniques, namely Treating
Interference as Noise (TIN) and Successive Interference Cancellation (SIC), as detailed in the
rest of this section.
A. URLLC Rate under NOMA
The URLLC per-UE rate for NOMA can be computed by leveraging results from finite
blocklength information theory similarly to the OMA case, but accounting for the additional
eMBB interference [41]. The URLLC per-UE rate under NOMA is thus well approximated by
[32]
RU = log2(1 + SU)−
√
V
nF
Q−1(DU ),
where
SU =
β2PU
1 + (1 + 2α2)PB
(33)
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Fig. 8. Block diagram of the operation of the ENs and BBU for Non-Orthogonal Multiple Access (NOMA) by puncturing and
Treating Interference as Noise (TIN). A/A stands for Analog-to-Analog.
is the Signal-to-Interference-plus-Noise Ratio (SINR) for the URLLC UE, and the channel
dispersion V is given as
V =
SU
1 + SU
. (34)
Notice that in NOMA the incoming URLLC packet is always transmitted, and hence an URLLC
error occurs only if the decoding of such packet fails, which happens with probability DU . This
implies that under NOMA, the probability of URLLC error is given by
Pr[EU ] = DU , (35)
hence imposing the condition DU ≤ U by the requirement (13).
B. eMBB Rate by Puncturing
To carry out joint decoding at the BBU of the eMBB signals under NOMA, the standard
approach is to simply discard at the eMBB decoder those signals that are interfered by URLLC.
As shown in Figure 8, this technique, referred to as puncturing, is based on the detection of
URLLC transmissions at the BBU: if a URLLC transmission is detected in the signal received
from ENk, such signal is discarded. Otherwise, the interference-free eMBB signals are jointly
decoded at the BBU.
Considering the aforementioned assumptions, the signal model for puncturing can be equiv-
alently described by assuming that if the signal Y fk received at the ENk on frequency f is
interfered by an URLLC transmission, then such signal is discarded, and the BBU receives only
noise. This is mathematical described by
Y fk = Bk(X
f
k + αX
f
k+1 + αX
f
k−1) + Z
f
k , (36)
where the Bernoulli variable Bk = 1−Ak ∼ B(1−q) indicates the absence (Bk = 1) or presence
(Bk = 0) of URLLC transmissions in the given minislot. The signal in (36) received across all
ENs and frequencies can be written in matrix form as
Y = XHB + Z, (37)
with definitions given in Section II and with B = diag(B1, B2, ..., BM). The rate for the eMBB
UE under NOMA by puncturing is reported in Lemma 3 and can be derived by substituting
signal (37) in Equation (24).
Lemma 3. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth
amplification factor η ≥ 1, the eMBB user rate under NOMA by puncturing yields
RB =
µ
M
EB
[
log
(
det
(
I + PBR
−1
zeq HB,eqH
T
B,eq
))]
, (38)
where Rzeq is defined as in Lemma 2; HB,eq = BH⊗Hηc is the equivalent wireless plus cable
channel in case of puncturing; and we have B = diag(B1, B2, ..., BM) , with Bk being i.i.d.
B(1− q) variables .
Proof. Lemma 3 can be proved by following similar steps as for the proof of Lemma 2 with
two minor differences: i) the radio channel matrix H is right multiplied by the random matrix
B and ii) the capacity is computed by averaging over the distribution of B.
Differently from the rate (32) achieved by OMA, under NOMA, the eMBB transmission
spreads over all the minislots, so that there is no scaling factor 1 − L−1U in front of the rate
expression (38) to account for the resulting loss in spectral efficiency. In case of NOMA by
puncturing, the noise covariance is exactly as the one in the eMBB OMA rate in Equation (32),
since the eMBB signal, if not discarded at the BBU, is guaranteed to be URLLC interference-
free. The overall rate is computed by averaging over all the possible realizations of the random
matrix B, which left-multiplies the radio channel matrix H and accounts for the probability that
the entire signal is discarded due to an incoming URLLC packet.
In the case of C-RAN with digital limited-capacity fronthaul links, as discussed in [32], it is
advantageous to carry out the operation of detecting and, eventually, discarding the eMBB signal
at the ENs. In fact, with a digital fronthaul, only the undiscarded minislots can be quantized,
hence devoting the limited fronthaul resources to increase the resolution of interference-free
eMBB samples [32]. The same does not apply to the analog fronthaul considered here, as
signals are directly relayed to the BBU without any digitization.
C. eMBB Rate by Treating Interference as Noise
In the case of analog fronthaul, an enhanced strategy to jointly decode the eMBB signals
under NOMA at the BBU is to treat the URLLC interfering transmissions as noise at the eMBB
decoder, instead of discarding the corresponding minislot as in puncturing. The block diagram
is the same as for puncturing and shown in Figure 8. Accordingly, based on the signals received
over the fronthaul links, the BBU first detects the presence of URLLC transmission so as to
properly select the decoding metric. Then, based on this knowledge, joint decoding is performed
by TIN.
Lemma 4. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth
amplification factor η ≥ 1, the eMBB user rate under NOMA by treating URLLC interference
as noise yields
RB =
µ
M
EA
[
log
(
det
(
I + PBR
−1
A,zeq
HeqH
T
eq
))]
, (39)
where RA,zeq = Rzeq + β2PU (A⊗HηcHηc ) is the overall noise plus URLLC interference at the
BBU; matrix A is as in (5); and matrices Rzeq and Heq are the same as in Lemma 2.
Proof. see Appendix C.
Differently from the two previous cases, in the case of NOMA under TIN, the noise covariance
matrix RA,zeq needs to account also for the interfering URLLC transmissions, whose packet
arrival probability is described by matrix A. The achievable rate is then computed by taking the
average over the random matrix A. This average reflects the long-blocklength transmissions of
the eMBB users.
D. eMBB Rate by Successive Interference Cancellation
Finally, a more complex receiver architecture can be considered at the BBU, whereby in-
terference is cancelled out from the useful signal. This technique, referred to as Successive
Interference Cancellation (SIC), is based on the idea that, if an URLLC signal is successfully
decoded at the ENk, it can be cancelled from the overall received signal yk prior to the relaying
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Fig. 9. Block diagram of the operation of the ENs and BBU for Non-Orthogonal Multiple Access (NOMA) by Successive
Interference Cancellation (SIC). A/A stands for Analog-to-Analog.
over the cable, so that an ideally interference-free eMBB signal is forwarded to the BBU. We
also assume that, if the URLLC signal is not successfully decoded, signal yk is discarded.
As a practical note, SIC must be performed in the analog domain, thus complicating the system
design. Practical complications are not considered in the analysis here. As shown in Figure 9,
if the URLLC signal is successfully decoded at ENk, this needs first to be Digital-to-Analog
Converted (DAC) and then cancelled from the analog signal yk. Therefore, signal yk needs to
be suitably delayed in order to wait for the cascade of ADC, decoding, and DAC operations to
be completed at the URLLC decoder. Being latency not an issue for eMBB traffic, in this work
we assume to employ ideal ADC/DAC, so that the delay in Figure 9 is assumed as ideally zero.
To account for imperfect SIC, the amplitude of the residual URLLC interference on eMBB
signal is assumed to be proportional to a factor ρ ∈ [0, 1]. Accordingly, perfect SIC corresponds
to ρ = 0, and no SIC to ρ = 1.
The signal received at the BBU from ENk can be thus written as
Y fk = (1− AkEk)(Xfk + αXfk+1 + αXfk−1) + ρβAk(1− Ek)U fk + Zfk , (40)
where the Bernoulli variable Ek ∼ B(qDU ) indicates whether there has been an error in decoding
the URLLC packet (i.e., Ek = 1), or it has been successfully decoded (i.e., Ek = 0), and Ak
is the same as above. It is easy to show that the factor (1 − AkEk) multiplying the eMBB
signal indicates that the eMBB signal (40) is discarded only when the two following events
simultaneously happen: i) there is a URLLC transmission (i.e., Ak = 1, whose probability is
q), and ii) such URLLC transmission is not successfully decoded (Ek = 1, whose probability
is DU ). In turn, the factor Ak(1− Ek) multiplying the URLLC signal implies that, if there is a
URLLC transmission (i.e., Ak = 1) and such transmission is successfully decoded at the ENk
(i.e., Ek = 0), then the URLLC signal is mitigated by analog SIC so that only a ρ-fraction of it
is forwarded to the BBU and impairs the eMBB transmission.
The signal in (40) received across all ENs and frequencies in the case of NOMA by SIC can
be equivalently written in matrix form as
Y = XH (I−AE) + ρβUA (I− E) + Z, (41)
where E = diag(E1, E2, ..., EM). The eMBB UE rate for NOMA by SIC can thus be computed
by substituting signal (41) in (24) and the final result is in Lemma 5.
Lemma 5. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth
amplification factor η ≥ 1, the eMBB user rate under NOMA by SIC yields
RB =
µ
M
EA,E
[
log
(
det
(
I + PBR
−1
AE,zeq
HAEH
T
AE
))]
, (42)
where HAE = ((I−AE)H) ⊗ Hηc is the equivalent wireless plus cable channel in case of
SIC; E = diag(E1, E2, ..., EM) is a diagonal matrix whose k-th entry Ek ∼ B(qDU ) accounts
for the probability that the URLLC signal is not successfully decoded at ENk; and RAE,zeq =
Rzeq + ρ
2β2PU ((A(I− E))⊗HηcHηc) is the overall noise plus residual URLLC interference.
Proof. Lemma 5 can be proved by following similar steps as for the proofs of the previous
Lemmas.
SIC describes a more complex ENs architecture in which the URLLC signals, if successfully
decoded, are successively canceled from the eMBB signals at the EN. However, in the case
of imperfect interference cancellation, i.e., ρ > 0, the eMBB signal is still impaired by some
residual URLLC interference, which is accounted for by the overall noise covariance RAE,zeq in
(42), similarly to TIN. The URLLC arrival probability and the probability of successful decoding
of the URLLC packets are reflected by random matrices A and E, respectively.
VI. NUMERICAL RESULTS
Numerical results based on the previous theoretical discussion are shown in this section with
the aim of providing some useful intuitions about the performance of C-RAN systems based on
analog RoC in the presence of both URLLC and eMBB services. Unless otherwise stated, we
consider the following settings: M = 6 ENs, nF = 60 subcarriers (This choice is motivated by the
fact that, while still resembling the properties of URLLC short-packet transmissions, nF = 60 is
a sufficiently long packet size to ensure tight lower and upper bounds for the limited-blocklength
channel capacity [5]), PB = 7 dB, PU = 10 dB, URLLC channel gain β2 = 1, PC = 7 dB, lS = 4,
and, conventionally, U = 10−3. In the case of OMA, the worst-case access latency for URLLC
users is set to LU = 2 minislots.
Figure 10 shows URLLC and eMBB per-UE rates for both OMA and NOMA by varying the
fronthaul crosstalk interference power γ2. We consider two values for the normalized bandwidth
µ of each copper cable, namely µ = 1/lS = 1/4 and µ = 1. Please note that the first value
corresponds to the minimal bandwidth, while the latter enables each twisted-pair to carry the
whole signal bandwidth. For reference, the eMBB rates obtained in the case of ideal fronthaul
are shown for both OMA and NOMA. The inter-cell interference power is set to α2 = 0.2, and
the URLLC arrival probability to q = 10−3. For NOMA, we consider here only puncturing.
The URLLC rates do not depend on cable crosstalk interference γ2, since URLLC packets
are decoded at the EN and thus never forwarded to the BBU over the fronthaul. Furthermore,
with NOMA, the access latency of URLLC is minimum, i.e., LU = 1, while for OMA it equals
LU = 2. However, Figure 10 shows that the price to pay for this reduced latency is in terms of
transmission rate, which is lower than in the OMA case. On the contrary, in the case of eMBB,
NOMA allows for a communication at higher rates than those achieved by OMA, thanks to the
larger available bandwidth when q is small enough.
On the subject of eMBB rates, it is interesting to discuss the interplay between the normalized
cable bandwidth µ and crosstalk power γ2. For µ = 1, the same signal is transmitted over
all the lS = 4 fronthaul twisted-pairs, and hence the four spatial paths sum coherently over
the cable, thus turning crosstalk into a benefit. Hence, the eMBB rates under both OMA and
NOMA increase with γ2 and ultimately converge to those achieved over the ideal fronthaul
(In this work, we consider the same interference gain γ for all fronthaul links. In practice, the
performance boost shown in Figure 10 for increasing γ and for µ = 1 would still be present,
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Fig. 10. URLLC and eMBB per-UE rates as a function of fronthaul crosstalk interference power γ2 for OMA and NOMA with
puncturing.
albeit to a different extent dependent on the channel realization, even if considering complex
channel gain. However, this would require the use of more complex precoding techniques, such
as Tomlinson-Harashima [37], which require an estimate of the fronthaul channel. Since for
wired fronthauling the channel is nearly static and time-invariant, channel state information
can be easily obtained [42]). For µ = 1/4 instead, disjoint portions of the radio signal are
transmitted over different interfering twisted-pairs, and the performance progressively decrease
with γ2. The leftmost portion of Figure 10 suggests that for mild cable interference, even when
the cable bandwidth is small (i.e., µ = 1/4), it is still possible to provide communication with
acceptable performance degradation, i.e., with a ≈ 1 bps/Hz loss from the ideal fronthaul case
for NOMA, and an even smaller loss for OMA. However, when the cable crosstalk increases,
the rate degradation is severe, and fair performance are achieved only if the cable bandwidth
is large enough to accommodate the redundant transmission of radio signals over all pairs, i.e.,
µ = 1.
Figure 11 shows URLLC and eMBB rates as a function of the URLLC packet arrival probabil-
ity q. eMBB rates under OMA are compared with those achieved by NOMA under puncturing,
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Fig. 11. URLLC and eMBB rates vs probability of URLLC arrival q for OMA and NOMA by puncturing, treating interference
as noise (TIN), and successive interference cancellation (SIC).
TIN and SIC. We consider here full cable bandwidth availability µ = 1 and γ2 = 1, so that, as
in Figure 10, the rates achieved for both OMA and NOMA for low q (say, q < 10−2) coincide
with those achieved over the ideal fronthaul. Inter-cell interference is set to α2 = 0.2. As noted
in [32], under OMA,when q increases, the probability of an URLLC packet to be dropped due to
blockage becomes very high, preventing URLLC transmission from meeting the strict reliability
constraints, and results in a vanishing URLLC rate. This is unlike in NOMA, whereby the
URLLC rate is not affected by q, and the access latency is minimal, i.e., LU = 1. For eMBB
under NOMA, TIN always outperforms puncturing. This is because TIN does not discard any
received minislot, thus contributing to the overall eMBB rate. The result is in contrast with the
conventional digital capacity-constrained fronthaul considered in [32]. In fact, in the latter, for
sufficient low q, it is preferable not to waste fronthaul capacity resources by quantizing samples
received in minislots affected by URLLC interference in order to increase the resolution of the
interference-free samples. Additional gains are achieved by SIC, which takes advantages of the
high reliability, and thus high probability to be cancelled, of the URLLC signal at the EN.
Implementing SIC in a fully analog fashion is practically not trivial, and there is generally
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some residual URLLC interference. The effect of residual interference on the achievable eMBB
rate is investigated in Figure 12 for q = 0.3, α2 = 0.4, γ2 = 0.5, µ = 1 and for different
power of URLLC UE PU . Once again, in case of perfect interference cancellation, i.e., ρ = 0,
SIC approaches the ideal fronthaul performance, while for more severe values of the residual
interference power ρ, the eMBB performance progressively decreases. Nevertheless, even in the
worst-case SIC scenario, i.e., ρ = 1, the achievable rates are never worse than those achieved
by TIN irrespective of the value of PU . This is once again due to the high reliability of URLLC
transmission. It is in fact easy to prove that for ρ = 1 and low values of DU , the SIC eMBB rate
in (42) converges to the one of TIN in (39).
For completeness, Figure 13 shows the trade-off between eMBB and URLLC per-UE rates
as a function of the access latency LU for OMA and NOMA with puncturing, and considering
q = 10−3, α2 = 0.2 and γ2 = 0.5. The behavior of the RoC-based C-RAN system versus
the access latency LU is similar to the one observed for digital capacity-constrained fronthaul
[32] for both µ = 1 and µ = 1/4. While under OMA it is not possible to achieve a non-zero
URLLC rate at even relatively low access latency such as LU > 3, NOMA provides a reliable
communication with constant minimal LU = 1 access latency, but with lower rate. For eMBB,
NOMA achieves an higher per-UE rate regardless of the value of the normalized bandwidth µ.
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VII. CONCLUSIONS
This paper considers the coexistence of eMBB and URLLC services in the uplink of an analog
C-RAN architecture from an information theoretic perspective. The rate expressions for URLLC
and eMBB users under Orthogonal and Non-Orthogonal Multiple Access (OMA and NOMA,
respectively) have been derived considering Analog Radio-over-Copper (A-RoC) as a sample
scenario, although the proposed model can be easily adapted to other analog fronthaul technolo-
gies. For eMBB signals, performance have been evaluated in terms of information rate, while for
URLLC we also took into account worst-case access latency and reliability. In case of NOMA,
different decoding strategies have been considered in order to mitigate the impact of URLLC
transmission on eMBB information rate. In particular, the performance achieved by puncturing,
considered for 5G standardization, have been compared with those achieved by Treating URLLC
Interference as Noise (TIN), and by Successive URLLC Interference Cancellation (SIC).
The analysis showed that NOMA allows for higher eMBB information rates with respect
to OMA, while guaranteeing a reliable low-rate URLLC communication with minimal access
latency. Furthermore, numerical results demonstrated that, differently from the digital C-RAN ar-
chitecture based on limited-capacity fronthaul links, for analog C-RAN, TIN always outperforms
puncturing, and SIC achieves the best performance at the price of an higher decoder complexity.
As work in progress, the theoretical model can be extended to account for fading channels or
geometric mmWave-link channel models.
Similarly, a frequency-dependent cable channel can be considered by making the cable crosstalk
coefficient γ increase with cable frequency [22]. Another interesting research direction is to
consider the case in which the BBU has no knowledge about the incoming signal, i.e., it is not
able to detect the URLLC transmissions, so that it is impossible for the BBU to choose the
proper metric for joint signal decoding [43], [44]. Finally, the overall system can be extended
to the case of multiple users per-cell, where both ENs and users are equipped with multiple
antennas.
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The proof of Lemma 1 is structured in two main steps detailed in the following: (i) MRC at
the cable output, (ii) cable signal vectorization.
A. Maximum Ratio Combining at the Cable Output
The signal Rk ∈ ClF×
1
µ after the MRC at the cable output is
Rk = R˜kG
=
(
Y˜kHc + W˜k
)
G,
(43)
where the definitions of R˜k, G, Y˜k and Hc follow from and (10), (20), (18) and (6), respectively.
Thus, Equation (43) can be rewritten as
Rk =
(
Yk ⊗ 1Tη
) (
γ1lS1
T
lS
+ (1− γ)IlS
)
G + W˜kG
= γ
(
Yk ⊗ 1Tη
)
1lS1
T
lS
G︸ ︷︷ ︸
R
′
k
+ (1− γ) (Yk ⊗ 1Tη )G︸ ︷︷ ︸
R
′′
k
+ W˜kG︸ ︷︷ ︸
Wk
, (44)
where Wk = W˜kG is the noise post MRC. The first term in (44) can be rewritten as
R
′
k =
γ
η
(
Yk ⊗ 1Tη
)
1lS1
T
lS
(
I 1
µ
⊗ 1η
)
(a)
= γ
(
Yk ⊗ 1Tη
)
1lS1
T
1
µ
(b)
= γηYk1 1
µ
1T1
µ
,
(45)
where
(a)
= comes from the fact that 1TlS
(
I 1
µ
⊗ 1η
)
=
(
1T1
µ
⊗ 1Tη
)(
I 1
µ
⊗ 1η
)
= η1T1
µ
due to the
mixed-product property of Kronecker product operator (A⊗B) (C⊗D) = AC⊗BD (see [38],
Chapter 2), and, similarly,
(b)
= is obtained by
(
Yk ⊗ 1Tη
)
1lS1
T
1
µ
=
(
Yk ⊗ 1Tη
)(
1 1
µ
1T1
µ
⊗ 1η
)
=
ηYk1 1
µ
1T1
µ
. Using similar arguments, the second term in (44) simplifies to
R
′′
k =
1− γ
η
(
Yk ⊗ 1Tη
) (
I 1
µ
⊗ 1η
)
= (1− γ)Yk.
(46)
Finally, substituting (45) and (46) in (44) we obtain
Rk = YkH
η
c + Wk, (47)
where
Hηc = γη1 1
µ
1T1
µ
+ (1− γ)I 1
µ
(48)
is the equivalent cable channel matrix accounting for the bandwidth amplification factor over
cable η, and Yk is the radio signal reorganized in matrix form as in (16).
B. Cable Signal Vectorization
The vector signal rk ∈ CnF×1 received at the BBU from the k-th EN over all the radio
frequency channels can be obtained by vectorizing matrix Rk in (47) as
rk = vec(YkHηc + Wk)
= (Hηc ⊗ IlF ) vec(Yk) + vec(Wk)
= (Hηc ⊗ IlF ) yk + wk,
(49)
where yk is the radio signal received at EN k-th. The overall cable noise vector wk can be
rewritten as
wk = vec(Wk)
= vec(W˜kG)
=
(
GT ⊗ IlF
)
vec(W˜k)
=
1
η
(
I 1
µ
⊗ 1Tη ⊗ IlF
)
w˜k.
(50)
It is important to notice that since the cable noise W˜k is white Gaussian and uncorrelated over
cable pairs (see (10)), w˜k = vec(W˜k) is also white Gaussian distributed as w˜k ∼ CN (0, IlS lF ).
Hence, the covariance Rw of the overall cable noise vector wk yields
Rw = E
[
wkw
H
k
]
=
1
η2
(
I 1
µ
⊗ 1Tη ⊗ IlF
)(
I 1
µ
⊗ 1Tη ⊗ IlF
)T
(a)
=
1
η
(
I 1
µ
⊗ IlF
)
=
1
η
InF ,
(51)
where the equality (a) comes again from the mixed-product property of Kronecker product.
Equation (51) shows that the MRC allows to take advantages from the signal redundancy over
the cable, which results in a reduction of the cable noise power by a factor of η.
The proof is completed by gathering the signals rk (49) received at the BBU from all ENs as
R = [r1, r2, ..., rM ]
= (Hηc ⊗ IlF ) [y1,y2, ...,yM ] + [w1,w2, ...,wM ]
= (Hηc ⊗ IlF ) Y + W,
(52)
where Y is the signal received by all ENs over all radio channels in (5).
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By substituting signal Y in (31) received by all ENs over all radio channels in case of OMA
in Equation (24), we obtain
R = (Hηc ⊗ IlF ) XH + (Hηc ⊗ IlF ) Z + W. (53)
To compute the per-UE eMBB rate, a further vectorization is needed, leading to
r = vec(R)
= vec ((Hηc ⊗ IlF ) XH) + vec ((Hηc ⊗ IlF ) Z) + vec(W)
=
(
HT ⊗Hηc ⊗ IlF
)
x + (IM ⊗Hηc ⊗ IlF ) z + w
= H¯eqx + z¯eq,
(54)
where H¯eq = HT ⊗Hηc ⊗ IlF is the overall equivalent channel comprising both cable and radio
channels over all ENs, and z¯eq = (IM ⊗Hηc ⊗ IlF ) z + w is the overall noise vector comprising
both the vectorized radio noise z = vec(Z) ∼ CN (0, InFM) and the vectorized cable noise
w = vec(W) ∼ CN (0, 1
λ2η
InFM), where we recall that the scaling λ is due to the cable power
constraints. Hence, the covariance of the equivalent noise z¯eq yields
R¯zeq = E
[
z¯eqz¯
H
eq
]
= (IM ⊗Hηc ⊗ IlF ) (IM ⊗Hηc ⊗ IlF )H +
1
λ2η
InFM
= IM ⊗HηcHηc ⊗ IlF +
1
λ2η
InFM .
(55)
The eMBB per-UE rate under OMA is computed by
RB =
(1− L−1U )
nFM
I(r,x)
=
(1− L−1U )
nFM
log
(
det
(
I + P¯BR¯
−1
z¯eq H¯eqH¯
T
eq
))
,
(56)
where H¯eqH¯Teq = HH⊗HηcHηc ⊗ IlF . Finally, using the determinant property of the Kronecker
product |A⊗B| = |A|m |B|n , Equation (56) simplifies to
RB =
lF (1− L−1U )
nFM
log
(
det
(
I + P¯BR
−1
z¯eq HeqH
T
eq
))
= µ
1− L−1U
M
log
(
det
(
I + P¯BR
−1
zeq HeqH
T
eq
))
,
(57)
where Heq = H⊗Hηc and Rzeq = IM ⊗HηcHηc + 1λ2ηIMµ , thus concluding the proof.
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By substituting the signal (5) received at the k-th EN under NOMA into (52) and by following
similar steps as for the proof of Lemma 2, the overall vector signal received at the BBU
comprising both cable and radio channels over all ENs under NOMA by treating interference
as noise yields
r = H¯eqx + βA¯equ + z¯eq, (58)
where the definitions of H¯eq and z¯eq are the same as in (54), A¯eq = A ⊗ Hηc ⊗ IlF accounts
for the relay of URLLC signal over the cable, and u is the vectorization of the URLLC signal
matrix U in (5). Similarly to the proof of Lemma 2, the eMBB per-UE rate under NOMA by
treating URLLC interference as noise can be computed by
RB =
1
nFM
I (r,x |A)
=
µ
M
EA
[
log
(
det
(
I + PBR
−1
A,zeq
HeqH
T
eq
))] (59)
where the average is taken over all the possible values of matrix A, PB is the power of the
eMBB user under NOMA and Heq is defined as in (57). Finally, the covariance RA,zeq of the
noise plus URLLC interference yields
RA,zeq = β
2PU AeqA
T
eq + Rzeq ,
where Aeq = A⊗Hηc and Rzeq is the same as in (57). The proof is completed by noticing that
AeqA
T
eq = (A⊗Hηc)(A⊗Hηc)H = A⊗HηcHηc , since matrix A is idempotent and Hηc symmetric.
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